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SUMMARY

Goals and objectives

The long range goal of this program is to develop an improved understanding of
phenomena of importance to directional solidification, to enable explanation and
prediction of differences in behavior between solidification on Earth and in space.
Emphasis during the period of this grant was on experimentally determining the
influence of convection and freezing rate fluctuations on compositional homogeneity
and crystalline perfection in the vertical Bridgman-Stockbarger technique. Gregory
Neugebauer correlated heater temperature profiles, buoyancy - driven convection, and
doping inhomogeneties using naphthalene doped with azulene. Ross Gray is aiming to
determine the influence of spin-up / spin-down on compositional homogeneity and
microstructure of indium gallium antimonide. Mohsen Banan intends to determine the
effect of imposed melting - freezing cycles on indium gallium antimonide.

Results

When the temperature of melts of organic compounds decreased with height near the
solid-liquid interface, the convection was vigorous, although frequently asymmetrical.
At growth rates of up to 6 mm/hr impurity concentration was uniform in cross sections
and the axial concentration profile corresponded to theoretical for complete mixing. At
higher growth rates, cross sectional variations in impurity concentration occurred; these
variations were nearly always asymmetric. Both the magnitude of the cross sectional
variations and their asymmetry tended to increase with decreasing temperature
difference, increasing growth rate, and increasing melt depth. When the temperature of
the melt increased with height very little convection was observed. Cross sectional
variations in impurity concentration were significant at all growth rates, and were
usually asymmetric.

Apparatus and techniques were developed for vertical Bridgman growth of InSb-GaSb
alloys with ACRT, current interface demarcation, vibration, and temperature
measurements inside the melt and solid. When the axial temperature gradient was large
during growth cracking occurred in the ingots either during growth or afterwards
during metallographic operations. With a smaller axial gradient not only was cracking
nearly eliminated, but the grain size was increased as well.

With or without ACRT the axial composition profiles of InSb-GaSb corresponded to
well-mixed conditions in the melt during growth. Application of ACRT with a rotation
rate of 16 rpm and a cycle time of 26.5 s resulted in less radial variation in composition
than growth without ACRT or with ACRT ata rotation rate of 80 rpm and a cycle time of
10 s. An ingot growth with ACRT had fewer twin and grain boundaries than an ingot
grown without ACRT under otherwise identical conditions.



A computer model was also developed for radial variations in impurity concentration
without convection. Radial segregation was predicted to increase as the interface shape
deviates increasingly from planar, as the freezing rate increases, and as the segregation
coefficient deviates from unity.

A theoretical analysis revealed the conditions under which composition fluctuations in a
solidifying material will diffuse away before the solid cools to room temperature.

Personnel

All together, four doctoral students participated in this research over the 4 years of the
grant. Ms. Lorraine Ruggiano dropped out of graduate school just prior to taking her
qualifying examination, and so produced no results. Greg Neugebauer completed his
Ph.D. in January of 1990. The results sections of his thesis are appended to this report.
Pending renewal of this grant, Mohsen Banan is being supported by Clarkson University
and is expected to complete his Ph.D. thesis in about one year. During the final year of
the present grant Ross Gray was supported almost entirely by NASA Headquarters as a
NASA Graduate Student Researcher. He also is expected to complete his Ph.D. thesis in
about one year.
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L. THE INFLUENCE OF CONVECTION ON COMPONENT SEGREGATION
IN THE VERTICAL BRIDGMAN - STOCKBARGER TECHNIQUE

Gregory T. Neugcebauer

Summary

The goal of this project was to determine the relationships between longitudinal and
circumferential temperature profiles in the furnace, convection patterns, and variations
in impurity doping. This was accomplished by fabrication of special furnaces, light
streak photography, solidification of naphthalene doped  sith azulene, and
microchemical analysis for azulene concentration throughout the resulting ingots.

When the temperature of the melt decreased with height near the solid-liquid interface,
the convection was vigorous, although frequently asymmetrical. At growlh rates of up
to 6 mm/hr the azulene concentration was uniform in cross scections and the axial
concentration profile corresponded to theoretical for complete mixing. At higher growth
rates, cross sectional variations in azulene concentration occurred; these variations were
nearly always asymmetric. Both the magnitude of the cross sectional variations and
their asymmetry tended to increase with decreasing temperature difference, increasing

growth rate, and increasing melt depth.

When the temperature of the melt increased with height very little convection was
observed. Cross sectional variations in impurity concentration were significant at all
growth rates, and were usually asymmetric.

A computer model was also developed for radial variations in impurity concentration
without convection. Radial segregation was predicted to increasc as the interface shape
deviates increasingly from planar, as the freezing rate increascs, and as the segregation
coefficient deviates from unity.

The research methods and results are given in detail in Appendix A, which is excerpted
from Greg Neugebauer's Ph.D. thesis. This thesis was completed in January 1990.



II. INFLUENCE OF SPIN-UI’ / SPIN-DOWN ON COMPOSITIONAL
HOMOGENEITY AND PERFECTION OF DIRECTIONALLY SOLIDIFIED
INDIUM GALLIUM ANTIMONIDE

Ross Gray

Summary

The goal of this continuing project is to determine the mechanism by which the
application of the accelerated crucible rotation technique (ACRT or spin—up/spin—dm\'n)
increases the compositional homogeneity and crystalline perfection of alloy
semiconductors.

An apparatus was constructed for vertical Bridgman-Stockbarger growth of In,Gaj_Sb
with ACRT applied. Temperature measurements inside the material enabled us to
determine the optimal hot and cold-zone temperatures and adiabatic zone thickness for
a favorable thermal environment. Techniques were developed for preparing ampoules
containing the alloy. In order to avoid oxide, an elching apparatus was designed so that
all oxide can be removed from the antimony and indium shot used as starting material.
A rocking furnace was designed and constructed for mixing melted In, Ga, and Sb shot
into homogenized starting material.

Five ingots were directionally solidified from starting material of composition
Ing oGagy gSb. Three were grown with application of ACRT and two without. The axial
and radia{4 composition profiles of three ingots were determined using energy dispersive
X-ray spectroscopy. The axial profiles were compared to theoretical results for
well-mixed conditions in the melt during growth. All profiles agree remarkably well
with theory. The radial profiles suggest that application of ACRT with a rotation rate of
16 rpm and a cycle time of 26.5 s results in less radial segregation than growth without

ACRT or growth with a rotation rate of 80 rpm and a cycle time of 10 s.

The number of grain and twin boundaries was determined in two ingots, one grown
with application of ACRT and one without. The ingot grown without ACRT had 3.02
twin boundaries/mm and 0.535 grain boundarics/mm. The ingot grown with ACRT
had 2.38 twin boundaries/mm and 0.368 grain boundaries/mm.

A. Introduction

Bulk single crystals of the alloy system In,Gay_5b, which is being used in this rescarch,
would have “applications for opto-electronic devices such as photodetectors and
microwave oscillators [1-3]. Unfortunately no once has succeeded in routinely growing
single crystals of concentrated UI-V and II-VI alloys, of which InGaj_(Sb is
representative.



Free convection, which often can be time-dependent [4], has proven to be a large
obstacle to obtaining compositionally homogencous crystals. Previous experimenters
attempted to eliminate the adverse effects of free convection by applying a magnetic
field to the melt in order to suppress the convection [5] and by growth in the
reduced-gravity environment of space where buoyaney effects are much less [6-9]. Both
techniques improved the quality of the resulling crystals.

In the vertical Bridgman-Stockbarger (VBS) growth technique, the charge is sealed in a
growth ampoule. This ampoule is then lowered at a slow rate through a temperature
gradient crcated by a furnace on top of a cooler. This set-up allows one to independently
control the interface shape, growth rate, and temperature gradient. While this
arrangement with the heater on top is said to be thermally stable, natural convection is
always present on earth due to unavoidable radial temperature gradients and variations
in composition. This convection is often time-dependent [4]. The result is variations in
temperature and flow velocity near the interface, causing growth rate fluctuations. An
inhomogeneous composition profile with striations parallel to the interface can develop.

One method of eliminating free convection problems is to introduce regular, forced
convection on a scale that overwhelms any buoyancy effects. Using forced convection
offers the additional advantage of keeping the melt well-mixed, thereby eliminating
cross-sectional compositional variations. Spin-up/spin-down [11,12], often referred to
as the accelerated crucible rotation technique (ACRT) when applied to crystal growth
[10,13-16], is a method by which effective mixing can be achieved without making
physical contact with the melt. Mixing is achieved by periodically varying the rotation
rate of the ampoule. Capper et al. [10] at Mullard in Southampton, England applied
ACRT during the vertical Bridgman growth of Hg, Cd{_,Te. They achieved a dramatic
improvement in compositional homogeneity and crystalline perfection over ingots
grown without ACRT. While improved homogeneity is expected, the reason for
increased grain size is not known.

Recent research by Larrousse [17] at Clarkson University suggests that ACRT leads to
large fluctuations in freczing rate and segregation. Meltback of the grown solid would
be expected to occur during each spin-up/spin-down cycle. This periodic melting and
freezing could have enhanced grain selection and eliminated twins in the solidification
of Hg,Cdi_,Te at Mullard. The benefit of periodic melting and freezing was
demonstrated by Jackson and Miller [18] using the organic compound salol.  Another
possible explanation for the improved crystalline perfection of the ingots grown with
ACRT is that ACRT causes the interface to be less concave (more convex) [19,20]. This
would enhance grain selection by causing grains not aligned with the direction of growth
to grow out as solidification proceeds. In conjunction with this rescarch, Mohsen Banan
is performing experiments that will produce periodic melting and freezing without the
added convection present with ACRT (see next section in this report). Tt is hoped that
this will allow one to distinguish between the stirring and the periodic remelting effects
of ACRT.



B. Progress

An IngoGaggSb ingot was solidified in the VBS apparatus at 8 mm/day. The
high-temperature zone of the furnace was set at 800°C, the low-temperature zone was at
100°C, and the length of the adiabatic zone was 2.54 cm. These setlings were chosen
using the conditions Sen [5] used to grow the same material as a guideline.  The
resulting ingot was highly twinned and contained many small grains. The poor crystal
quality is thought to have been caused by the extremely high temperature gradient
(150°C/cm) across the adiabatic zone of the furnace. This gradient was determined by
placing a thermocouple in an empty quartz ampoule and translating it through the
apparatus. Sen stated in her thesis [5] that a gradient above 40°C/cm results in a poor
crystal with many microcracks due to the high thermal stress. We concluded that the
thermal characteristics of Sen’s apparatus were much different than those of the present
VBS apparatus, so that her temperature sellings produced an unreasonably large
temperature gradient in our apparatus.

In order to reduce the temperature gradient in our VBS apparatus, the
constant-temperature circulating bath with a range of -30°C to 150°C used to cool the
low-temperature zone was replaced by a resistance heater capable of sustaining
temperatures from 200°C to 1000°C within 0.5°C. The adiabatic region was increased in
length from 2.54 cm to 5.08 cm. These changes allow the gradient to be reduced to
409C/cm when temperatures of 760°C and 480°C are used in the high and
low-temperature zones, respectively.

An improved method for the preparation of the materials for solidification was devised.
The antimony and indium shot purchased for this research had layers of oxide on their
surfaces. An etching apparatus was designed to remove this oxide. The material is
etched in a mixture of 1 F1Cl:1 11,0, rinsed in walter, and then rinsed in methanol. All of
these steps are carried out in a dry nitrogen atmosphere. The sealed etching vessel is
removed from the etching apparatus and placed in a glove box filled with dry nitrogen,
where it is weighed. By using this procedure, the clean antimony and indium are not
reintroduced to an oxygen environment. This greatly improved the quality of the ingots
grown, since the presence of oxide tends to result in the sticking of the grown ingot to
the ampoule wall.

A rocking furnace for mixing the elements was designed and constructed. The rocking
furnace is mounted horizontally on a shaft that allows it to alternately tilt by 15 degrees
to the vertical in either direction when it is driven by a cam and shaft assembly. The
rocking motion enables us to mix the individual elements (six nines grade In, Ga, and Sb
shot) to produce homogenized starting material for the directional solidification
experiments. Some black residue forms on the material during the rocking process. This
is removed by sandblasting with 220 grit silicon carbide particles followed by ultrasonic
cleaning in electronic grade methanol. By following this procedure, all grown ingots are
clean, shiny, and slide easily from the ampoule after growth.

Five ingots of Ing-GaDg gSb were directionally solidified (three with application of
ACRT and two without). The radial and axial composition profiles were determined for
four of these ingots, and the number of grain and twin boundaries was counted in two
ingots. The composition of the ingots at various axial and radial locations was
determined using energy dispersive X-ray spectroscopy (EDX). The spectral data was



collected using a Tracor Northern model TN-2000 and then transferred to floppy disk.
The data were then analyzed using a program developed at the NASA Marshall Space
Flight Center, which is described in detail by Gillies [22]. This program compares the
unknown spectrum to the spectra of two standards and determines the mass fraction of
InSb in the unknown sample. The program ignores any atomic number, absorbance, and
fluorescence (ZAF) corrections that might be necessary and assumes that the ingot is
stoichiometric. '

The axial composition profiles of three ingots were analyzed. Figure 1 shows mole
fraction of InSb in the solid versus mole fraction of ingot solidified. The mole fraction
solidified g is the ratio of number of moles solidified when the interface is at a specific
axial location to the total number of moles in the entire ingot. The results for each ingot
are practically identical and agree extremely well with the theoretical curve for
well-mixed conditions in the melt, assuming no solid-state diffusion and equilibrium at
the melt-solid interface. This suggests that even without ACRT there is enough mixing
present to create a completely stirred melt. Since the growth rate is very low (8
mm/day), the convection need not be intense. Diffusion and free convection are
sufficient to keep InSb from accumulating at the growing interface. Due to the presence
of well-mixed conditions without forced convection, application of ACRT does not affect
the axial composition profile.

Figure 2 shows percent radial segregalion obtained from the radial composition profiles
of three ingots analyzed. Percent radial segregation is defined as the maximum mole
fraction of InSb across the radial slice minus the minimum, divided by the average.
Crystal E1 was grown without ACRT, ingot E2 was grown with an ACRT rolation rate of
80 rpm and a cycle time of 10 s (10 s with rotation, 10 s without), and ingot E3 was
grown with a rotation of 16 rpm and a cycle time of 26.5 s. The two ingots grown with
ACRT (E2 and E3) had much less radial segregation than ingot E1. However, it should
be noted that ingot E1 had a large oxide patch near top (last to freeze end). This oxide
patch caused a large void in the top of the ingot that occupied about 50% of its
cross-sectional area. This void could have been present in the liquid phase as well. This
would have resulted in asymmetry in the heat transfer, leading to an asymmetric
interface shape and large radial segregation. For this reason, it is impossible to conclude,
without analysis of more ingots, that the application of ACRT was responsible for the
reduction in radial segregation. It appears from Figure 2 that the combination of ACRT
parameters used in growing ingot E3 were better for reducing radial segregation than
those used in growing ingot E2.

The microstructure of the grown ingots was analyzed under optical and scanning
electron microscopes. No second phase precipitates or voids were observed in any of the
ingots. The numbers of grain and twin boundaries were determined in ingots E1 and E2
(E2 grown with application of ACRT and El without). Ingot E2 had 3.02 twin
boundaries/mm and 0.535 grain boundaries/mm, while ingot E1 had 2.38 twin
boundaries/mm and 0.368 grain boundaries/mm. These numbers were determined by
counting the number of boundaries intersected when scanning radially across
longitudinal sections of the ingots at 2 mm intervals. Although the ACRT grown ingot
had fewer number of boundaries, the difference is not significant enough to allow firm
conclusions to be made until more ingots are analyzed.



C. Plans

Now that the experimental apparatus and techniques seem to have been perfected,
many more ingots will be solidified during the remainder of this research project. More
ACRT rotation rates and cycle times will be investigated; two ingots will be solidified for
each set of conditions. Quenching studies will be done to determine the influence of
ACRT and its parameters on the liquid-solid interface shape of the growing crystals.
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II. INFLUENCLE OF IMPOSED FREEZING RATE FLUCTUATIONS ON THIE
MICROSTRUCTURE AND COMPOSITIONAL HOMOGENEITY OF INDIUM
GALLIUM ANTIMONIDE

Mohsen Banan

Summary

The long term goal of this project is to develop techniques allowing one to routinely
grow single crystal semiconductors uniform in composition. The objective is to
determine the influence of imposed freezing rate fluctuations on compositional
homogeneity, twinning, and grain size of directionally solidified indium gallium
antimonide. This research complements that described in the preceding section.
Together these should enable us to determine the mechanism by which spin-up /
spin-down reduces polycrystallinity in solidification of mercury cadmium telluride.

‘Passage of current pulses through the material during solidification will produce

alternate melting - freezing cycles without significantly influencing convection in the
melt.

A technique was developed to measure the radial and axial temperature profiles using
three thermocouples; one inside the charge and two attached to the ampoule wall. The
thermal perturbation in the melt during application of current pulses was measured
in-situ. A cyclic temperature variation in the melt was observed during on-off current
pulsation. Application of a continuous current resulted in re-establishment of a new
steady state temperature in the melt.

Two ingots with 20% InSb composition were grown at 8 mm/day and 12 mm/day with
80 to 110°C/cm axial temperature gradient across the adiabatic zone, corresponding to
heater and cooler settings of 770 and 75°C. The ingots consisted of large number of
small grains and twins with scattered microcracks near the upper parts, presumably due
to thermal stress.

To lower the temperature gradient in the ampoule, the heat exchanger cooler in the
apparatus was replaced with a Kanthal resistance heater. The height of the adiabatic
zone also was increased. Two ingots with 20% InSb feed composition were grown in the
modified furnace at 7.9 mm/day ampoule lowering rate and 25 to 35°C/cm interfacial
temperature gradient, corresponding to heater and cooler settings of 800 and 4759C. A
significant improvement in the microstructure of this ingot was obscerved as compared to
ingots grown with a larger temperature gradient. In addition there were no
microcracks. In the first experiment, power to the heaters were turned off after
solidification of half of the ingot, in order to reveal the solid-liquid interface shape at that
time.

A new procedure was developed for preparation of the electroded ampoules. Two
solidification experiments with current pulse were performed. Flectrical continuity
across the electrodes was not achieved due to leakage of melt at the bottom electrode.
The leakage problem was resolved. A periodic growth experiments was carried out with
Ing ,Gag gSb feed composition. DC square-wave curent pulses 10 amp in amplitude
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(15.7 amp/cm2 current density) and 26.5 s on and off time (corresponding fo the spin-up
/ spin-down duration performed by Gray) were passed from solid to melt. The heater
and cooler settings were 800°C and 475°C, yielding a temperature gradient of 359C /em.

A vibration unit was added to the solidification apparatus. The vibrator is used for
homogenizing the melt prior to initiation of solidification. It mayv also be utilived to
investigate the effect of axial vibration on the soliditication of malcrials. An attempt was
made to measure the temperature fluctuations in the melt during application of axial
vibration to the ampoule. Recording of the temperature fluctuations was not feasible
due to slow response time of the thermocouple as compared to the frequency of
vibration (1 HZ to 20 HZ). An ingot with 20% InSb composition was directionally
solidified at a lowering rate of 7.9 mm/day with application of axial vibration to the
ampoule at 2 HZ and 0.1 cm amplitude. The liquid-solid interface was revealed by rapid
freezing of the melt. The interface was slightly convex.

A. Introduction

Solid solutions of semiconducting HI-V and II-VI systems, such as indium gallium

antimonide and mercury cadmium telluride, exhibit the advantage of composition -

dependent propertics. By selecting a suitable composition, particulor properties can be

produced to suit different purposes and applications, such as optoclectronic and

infrared sensing devices. For example, a solid solution of I“x(;“l—fh ll‘v a promising
[-1].

material for photodetectors, Gunn devices, and three level oscillators

In spite of considerable interest, the production of large homogeneous single cr ystals of
concentrated alloys has not been feasible due to two basic problems associated with
alloy growth, i.e. compositional inhomogeneity and polycrystallinity. The origin of the
polycrystallinity is not understood despite the extensive research done in this field.

When concentrated alloy melts are frozen, extensive segregation readily occurs to
produce an inhomogeneous solid and morhological breakdown due to constitutional
supercooling [5-7]. Such growth behavior may also be the cause of formation of twins,
grains, precipitates, dislocations, etc. While constitutional supercooling may be avoided
by use of a low growth rate and a large temperature gradient at the freezing interface,
twinning and polycrystallinity persist nonctheless. 11 has been speculated that freeving
rate fluctuations may lead to momentary constitutional supercooling awith
accompanying nucleation of twins and grains cven when the average (teczing vate is
sufficiently low that constitutional supercooling is not expected.

Application of ultrasonic vibration during Czochralski growth of In Gay, WSh (x-0.01)
seeded with GaSb resulted in single crystals, whereas ingols grown without vibralions
were polycrystalline [8]. The stirring induced by ultrasonic vibration was thought to
enhance mixing and to reduce the build-up of the rejected solute at the liquid-solid
interface. However, as the feed composition was increased from 1% to 370 and 7% InSh,
increasing difficulty was experienced in achicving single crystallinity even with
application of ultrasonic vibrations. ~ The polycrystallinity was attributed 1o
morphological breakdown due to a high growth rate.
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Buoyancy induced convection is always present in the melt during solidification on
Earth because of the unavoidable thermal and compositional gradients. Steady state
flows may be desirable since they reduce the buildup of compositional variations at the
interface due to segregation and reduce the sensitivity of the growth to amnall
fluctuations in growth rate. Tlowever, unsteady tows are undesirable hecanse they
result in temperature fluctuations, flow velocity variations and  freezing rate
fluctuations. The microscopic distribution of components at the interface s often
extremely sensitive to changes in convection, temperature and freezing rate. In addition
to causing compositional striations, these fluctuations may also lead to nucleation of
grains and twins.

A "thermally stable” VBS configuration, with the heater situated above cooler, may be
used for minimizing convective problems. Iowever, due to unavoidable radial
temperature gradients and variations in composition of the melt at the interface, some
convection is always expected [9,10]. One way to eliminate the effcct of free convection
during solidification is to perform the experiments in spacc.  The directional
solidification of InGaSb ingots aboard Skylab [11-13] resulted in a reduction in the
number of twins and grain boundaries as compared with the corresponding ingots
solidified on Earth under otherwise identical conditions. A similar reduction in the
number of twins was also observed in InGaSb ingots solidified with a magnetic field
applied to the melt to inhibit free convection [ Such animprovement was attributed
to the suppression of temperature fluctuations in the melt due to application of the
magnetic field.

As pointed out in the preceding section by Gray, another approach Lo overcome free
convection is to introduce regular, forced convection on a scale that will overwhelm any
buoyancy effects. Mullard in England produces homogeneous large grain IgCdle
ingots by use of accelerated crucible rotation (ACRT) during Brideman growth.
Queching studies [16] of the HgCdTe ingots grown under application of AURT revealed
the solid-liquid interface was less concave than without ACRT. Also a region ahead of
the interface in ACRT grown ingots were found to consist of alternating cadmium
enriched and depleted zones, which was taken to be evidence of periodic meltback. The
marked grain size enlargement might have been due to a less concave inferface, petiodic
meltback and growth, and/or ACRT-induced slirring removing nuclei formed on the
ampoule wall adjacent to the interface.

Recent electrochemical measurements by Larrousse [17] of mass transfer during ACRT
of a vertical tube showed large fluctuations. Temperature measurements during the top
seeded flux growth of YIG with ACRT revealed temperature oscillations of 2 to ROC near
the interface [18]. We conclude from these observations that it is likelv that there is
periodic meltback and growth during solidification withn ACRT. Meltback and regrowth
have been shown to greatly accelerate grain sclection during soliditication of filme of
salol [19]. The dislocation density of Gal® was reduced by a factor of 3 asresult of one

meltback cycle during LPE growth [20].

As shown in the preceding scction, Gray is studying the effect of ACRT on the
compositional homogeneity and crystallographic  perfection of InSb-GaSbh - solid
solutions. Indium gallium antimonide was chosen as a model substance representing
11-VI and I1I-V alloy systems. For example, it has a phase diagram similar to mercuy
cadmium telluride, but with a low melting temperature and vapor pressute. It exhibits



the same sort of solidification problems, i.e. twinning, grain formation, and
inhomogeneities.

To differentiate the effect of stirring from that of backmelting effect with ACRT, here we
grow InGaSb ingots with and without application of current pulses during directional
solidification. The passage of current results in a thermal perturbation at the solid-liquid
interface due to the Peltier effect [22]. Joule and Thomson effects also occur in the melt
and the solid. The combination of these effects induces periodic melting and growth at
the interface without enhancing convection.

For comparison, the experimental parameters of the ACRT solidification runs and the
current induced growth variation runs are similar. Ingots are grown with the same feed
composition (20% InSb) and 8 mm/day ampoule translation rate. The interfacial
temperature gradients are nearly the same. The frequency of current pulsation
corresponds with the frequency of ACRT.

B. Experimental methods

In this seclion we discuss the experimental apparatus, thermal characterization of the
furnace, growth materials and ampoule preparation techniques, and in-situ temperature
measurements in the melt during application of current. The experimental apparatus is
shown in Figures 1 and 2. It consists of a vertical Bridgman-Stockbarger assembly with
provisions for passing electric current and vibrations through the ampoule. The VBS
furnace is fabricated from two tubular furnaces (9" OD, 3" ID and 6" long) made of
Kanthal heating elements embedded in Fibrothal insulation. The maximum operating
temperature of the furnaces is 1100°C. The heater and cooler are scparated by an
adiabatic zone with adjustable height of 0.5" to 4". Two microprocessor based controllers
with PID are used to control the heater and cooler temperatures.

A translation unit, held vertically, is utilized to translate the ampoule down the furnace.
The translation unit was modified to achieve an ampoule lowering rate as low as 4
mm/day. (Low translation rates are required to avoid constitutional supercooling in the
InSb-GaSb solid solution system [15].)

The current interface demarcation system consists of an electroded ampoule, shown in
Figure 3, connected to a Keithley voltage/current pulse generator with a maximum
output of 10 amp and 100 W with a 1000 s dwell time. The graphite electrodes are
machined from UF-4S graphite rods made by Ultra Carbon to proper dimensions, rinsed
in an ultrasonic bath with de-ionized water and methanol, and dried in a furnace under
a vacuum of 107 torr. To attach the molybdenum leads to the graphite electrodes, a
graphite cement, made by Dylon Industry, is used. The graphite cement is cured at
120%C for 4 hours and followed by another 4 hours at 320°C, preferably under vacuum.
The pulse generator operates in either constant current or constant voltage modes. If the
ratio of the voltage setting to the current setting is greater than the load resistance, the
generator operates in a constant current mode. The voltage is adjusted automatically to
compensate for an increase or decrease in the load resistance. Since, melt and solid have
different electrical resistivity, as solidification advances the resistance between two
electrodes varies. During periodic growth runs, the voltage and current outputs of the



pulse generator are recorded to calculate the relative ampoule resistance. The resistance
versus ampoule lowering time and distance into the furnace allows one to determine the
time when solidification has been initiated and its position relative to the furnace axial
location.

A vibrating unit, manufactured by Bruel and Kjaer Instruments and connected to a
power amplifier and function generator, was also installed on the moving platform of
the translation unit. The ampoule containing growth materials can be attached to the
vibrating unit and be axially vibrated during solidification at different frequencies and
amplitudes. The vibraling unit is also used to homogenize the growth materials prior to
solidification.

Thermal characterization of the VBS furnace utilized to grow ingots is essential to
determine appropriate heater and cooler temperature settings to achieve a desired axial
temperature gradient. Temperature profiling of the furnace was performed by
measuring the temperature at different axial positions in the furnace. Due to different
thermophysical properties, an ampoule with charge has different thermal coupling with
the furnace as compared with an empty ampoule. Therefore it was considered desirable
to profile the furnace with a thermocouple placed in an ampoule with charge. Due to
the erosive nature of the metallic melt, a sheathed thermocouple must be used, or the
thermocouple must be coated with a protective high temperature ccramic cement. To
avoid oxidation of the molten materials, the ampoule must be evacuated (or filled with
an inert gas) and sealed.

A technique was developed to measure the radial and axial temperature profiles. Figure
4 is a schematic diagram of the thermocouples-ampoule arrangements used for
temperature profiling. One sheathed thermocouple was situated at the center of the
ampoule and two thermocouples were cemented to the ampoule wall at the same lateral
position the as the center thermocouple. ~ The ampoule was loaded with
prehomogenized Ino.zGaO_gsb, sealed under a vacuum of 107 torr, and placed in the
VBS furnace. The thermocouples were connected to three digital readouts for
simultaneous monitoring. Results of the profiling are given in the results section.

A technique was developed to measure the temperature in the melt during current
pulsing. A schematic diagram of the experimental apparatus is shown in Figure 5. This
arrangement consisted of a vacuum sealed ampoule containing the growth material in
contact with graphite electrodes and molybdenum leads. An ungrounded 304 stainless
steel sheath thermocouple was situated in the charge. The leads were connected to a
Keithly programmable voltage/current pulse generator. The thermocouple output and
the voltage proportional to the applied current were recorded simultancously on a
strip-chart recorder.

Two experiments were performed. In the first experiment a K-type thermocouple
passing through a double-hole ceramic tubing was used. The thermocouple junction
was covered with a high temperature ceramic cement. The experiment failed due to
failure of the cement covering the thermocouple bead. Exposure of the thermocouple
junction to the current resulted in exessive overshooting of the thermocouple output
voltage. In the second experiment, a 0.081 cm diameter ungrounded type K sheath
thermocouple, shown in Figure 6, was placed in the charge. The electroded ampoule, 0.9
cm ID and 1.1 cm OD, was loaded with prehomogenized Ing »Gag gSb. The height of the

13



charge was 5 cm. The tip of the thermocouple was positioned 2.5 cm above the bottom
electrode. The pre-alloyed charge was melted and allowed to reach thermal equilibrium
with the surroundings over a 24 hour period. A series of pulsing experiment were
performed. Results are discussed in later.

In order to prepare experimental ampoules, we used a new cryo-vacuum unit equipped
with argon, nitrogen, and methane gas inlets.  This climinated the moisture in the
ampoule (as observed previously when the former vacuum unit was used) and also
provides a 1076 torr vacuum. A proper amount of 99.9999% purity growth materials In,
Ga, and Sb (purchased from Cerac and Johnson & Mathey) were weighed and loaded
into a precleaned 8 in long ampoule. The ampoule was purged with argon three times,
sealed under a 107 torr vacuum, and then placed in a rocking furnace. The growth
materials were homogenized and alloyed in the rocking furnace for 8 hours at 850°C,
The resulting melt was rapidly solidified by shutting off the rocking furnace. The alloyed
materials were chemically polished in 1 HF: 9 HNO3: 10 HyO solution for 10-20 s to
remove any scum on the surface of the ingot. The polished materials were kept in a
desicator.

The fused silica ampoules were cleaned according to the procedure obtained from
Rockwell International. The ampoule was soaked in Micro-cleanser overnight, rinsed
with de-ionized water three times, rinsed with methanol, soaked in trichlorethane for |
hour, rinsed with acetone and methanol, soaked in 5% HF for 10 min, rinsed with
de-ionized water, soaked in aqua regia for 1 hour, and rinsed thoroughly with
de-ionized water. Afterward, the cleaned ampoules were dried and baked in a furnace
at 900°C for 3 hours.

For directional solidification runs the pre-alloyed materials were loaded into a
pre-cleaned quartz ampoule. The ampoule was purged with argon three times and
sealed under a vacuum of 107 torr. For current pulsing experiments the pre-alloyed
materials were solidified in a constricted-tip ampoule. The shaped ingot was placed in
between two electrodes in a quartz ampoule, as shown in Figure 3. The ampoule was
purged with argon and sealed under a vacuum of 107 torr.

The loaded ampoule was attached to the ampoule holder of the translation unit. The
ampoule was lowered into the VBS furnace. The bottom of the ampoule was situated 1
cm above the adiabatic zone. The heater temperature was set above the melting
temperature of the growth materials (about 710°C). The growth material was allowed to
melt and to equilibrate over 24 hours prior to initiation of the ampoule translation. To
measure the average macroscopic growth rate, the ampoule position was recorded as a
function of time during the growth run. Thus far an ampoule lowering rate of 8
mm/day, feed composition of 20% InSb, and ingot dimensions of 0.9 cm in diameter and
7-8 cm long were employed for all growth experiments. (A temperature gradient greater
than 20°C for a growth rate of 8 mm/day is required to avoid constitutional
supercooling in the Ing ,Gag gSb system, Figure 7.)

After termination of a growth run, the heater and cooler temperatures were decreased at
30°C/hr to room temperature. The ampoule was removed from furnace and broken to
retrieve the ingot. The ingot was sandblasted using 220 grid industrial SiC to reveal the
grains and twins. Afterward, the ingot was sectioned axially and mounted in epoxy.
The ingot samples were mechanically polished using 320, 420, and 600 grid size SiC
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polishing papers. The final polish was achieved by using 5 and 1 micron micropolish
alumina and polishing cloth. The samples were cleaned with de-ionized water in an
ultrasonic bath between each step. After mechanical polishing, the samples were etched
chemically to reveal the microstructure. The etchant contained HF, HNO3, and HyO or
HAc. The volumetric fractions of etchant’s components were varied from one ingot to
another depending on the effect of the etchant on the ingot.

The microstrcture of the ingots was examined using optical and scanning electron

microscopy. When this grant period ended last summer we had arranged with
NASA /MSFEC in Huntsville to use their EDX and FTIR facilities to analyze our ingots.

C. Progress

The original furnace consisted of a Kanthal resistance tubular heater, 2.54 cm adiabatic
zone, and a heat-exchanger used as cooler attached to a circulating constant temperature
bath with operating temperature range of -200C to 100°C. Axial temperature profiling
of the VBS furnace was J)erformed for heater settings of 800°C and 850°C and cooler
settings of 10°C to 70°C using a thermocouple in an empty ampoule. The axial
temperature gradients across the adiabtic zone corresponding to the above mentioned
settings were about 110 to 150°C/cm.

To measure the axial and radial temperature profiles, a type K sheath thermocouple was
placed 3 cm into a prehomogenized In »Gag gSb charge. Two K-type thermocouples
were cemented onto the outerwall of the ampoule at the same lateral position as the
thermocouple inside the charge. The ampoule was sealed under a vacuum of 103 torr.
The ampoule was situated in the heater such that the thermocouple junctions were 3 cm
above the adiabatic zone. The temperature settings of the heater and cooler were 770°C
and 75°C, respectively. The height of the adiabatic zone was 2.54 cm. The charge was
melted and allowed to equilibrate over 24 hours. The thermocouple readings were
recorded at 0.2 cm intervals as the ampoule was moved slowly downward into the
furnace. Figure 8 shows the resulting temperature profiles. The freezing temperature of
the melt varied from 695 to 550°C depending on the fraction that had solidified.
Referring to Figure 8, the freezing temperature range was from 1 cm above the adiabatic
sone to 1 cm into the adiabatic zone, meaning that the liquid-solid interface might be
near-convex to planar. Figure 9 shows that the axial temperature gradient across the
adiabatic zone varied from 75 to 150°C/cm. The highest gradient was near the center of
the adiabatic zone. The interfacial temperature gradient at the beginning of growth was
about 75°C/cm. As solidification proceeded, the temperature gradient also increaseed.
Near the end of the growth the temperature gradient approached 140°C/cm. The G/V
ratio was in the stable region of Figure 7 for an Ing pGag gSb alloy.

Figure 10 shows the radial isotherms versus the corresponding axial position of the
ampoule in the furnace. The origin is the center of the adiabatic zone. The shape of the
isotherms changed from convex to concave as the ampoule was moved from the heater
into the cooler.

Two ingots with 20% InSb composition were directionally solidified. DS12-1 was
solidified at 12 mm/day with heater and cooler settings of 770°C and 750C. DS8-2 was



solidified at an ampoule lowering rate of 8 mm/day ampoule lowering rates with the
same heater and cooler settings. Prior to initiating the growth, the materials were melted
and homogenized for 4 days by application of ACRT to the ampoule at 30 rpm (the
rocking furnace had not been fabricated yet). The dome shaped end of ingot DS12-1 in
Figure 11a could have been due to insufficient mixing of the elements. Figure 13 shows
the results of differential scanning calometery (1DSC) analysis of samples taken from four
different sections of the dome material. The melting temperature was between 500 and
510°C, which corresponds to the melting temperature of InSb.

Figure 11b shows the microstructure of ingot DS12-1 after mechanically polishing and
chemically etching with THF:THNO3:1H5O for 20 s to reveal the microstructure. A large
number of microcracks and a few voids were in the upper portion of the ingot. The
microcracks were possibly caused by thermal stress due to the high temperature
gradient. Figure 14 shows a SEM micrograph of a cross sectional sample taken from
halfway along the DS12-1. The dislocation pits were about 30 microns in diameter. In
DS8-2, as shown in Figure 12, the overall microstructure was not improved as compared
to the other ingot. Twins mostly started from the ampoule wall and propagated inward.
There were many bubbles on the surface of DS8-2. The surface of the ingot was partially
covered with a scumy film similar to that on the surface of DS12-1. The shape of the
interface, near the end of growth, was slightly convex as revealed in the last part to
freeze. Microcracks were also observed in this ingot. The larger cracks occurred during
etching. In DS8-2 the number of curved boundaries was less but the number of twins
was greater than in DS12-1.

To reduce the temperature gradient, there were two options; increase the cooler
temperature and increase the length of the adiabatic zone. The heat-exchanger cooler
(maximum temperature about 100°C) in the VBS furnace was replaced by a Kanthal
resistance furnace, similar to the one used for the top heater with an operating
temperature up to 1100°C. The height of the adiabatic zone was increased to 2.5". The
insulation at both ends of the VBS furnace was increased by 2" to suppress the
temperature variations near the ends of the furnace. A quartz liner was placed all the
way through the heater-adiabatic-cooler configuration.

Figures 15 and 16 show the temperature profile of the modified VBS furnace, measured
with a thermocouple in an ampoule without a charge, for different heater and cooler
settings. An axial temperature gradient of 30°C/cm to 40°C/cm across the adiabatic
zone was achieved. For the growth runs mentioned in the following, the growth
ampoules were prepared using the new cleaning procedure obtained from Rockwell,
loaded with 20%InSb feced materials pre-alloyed in the rocking furnace for 8 hours at
850°C. The ampoule was purged with ultra pure argon and evacuated at 1070 torr.

Ingot DS8-3 was solidified with an 8 mm/day ampoule lowering rate with temperature
settings of 800 and 450°C for heater and cooler. Translation was terminated after
solidification of 65% of the melt; the remaining melt was rapidly solidified by lowering
the heater temperature from 800 to 500°C. The cooler temperature was held at 475°C to
avoid exessive thermal stress on the already grown portion. After solidification of the
remaining melt, the heater and cooler temperatures were lowered at 30°C/hr to the
room temperature. Figure 17a is a photograph of DS8-3 after sandblasting. During
sandblasting it cracked into two pieces along the rapidly frozen region. The boundary
between the two regions was convex. The surface of the ingot was shiney and free of
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voids and bubbles. Figure 17b illustrates the axially sectioned ingot after being polished
mechanically and chemically etched using 1HF:1HNO3:1HAc for 15-20 s. (The etchant
used for ingots DS12-1 and DS8-2 was not effective on ingot DS8-3.)

There were no microcracks in the directionally solidified portion of DS8-3. The number
of columnar grains diminished to four in the middle of the ingot. The overall
microstructural quality of DS8-3 was improved as compared to DS12-1 and DS8-2,
previously grown at larger temperature gradients.

DS8-4, shown in Figure 18, was directionally solidified at 7.8 mm/day translation rate
and 800 and 475 OC heater and cooler settings with an adiabatic zone of 5.08 cm (2").
The surface of the ingot was fairly shiney and free of bubbles and voids. A crack
occurred near the end of the ingot at the time of removal from the ampoule.

VDS8-5 was directionally solidified at 7.9 mm/day translation rate with axial vibration
of 2 Hz and 0.1 cm amplitude. The heater and cooler settings were 800 and 4759C.
Figure 19a is a photograph of VDS8-5 after being sandblasted. The ingot cracked during
sandblasting. A large number of bubbles and voids were on the surface of the ingot,
specially at its beginning. VDS8-5 was axially sectioned and sandblasted to reveal the
microstructure, Figure 19b. After solidification of half of the ingot, the heater
temperature was lowered from 800 to 710°C by shutting off the furnace for few
minutes. Afterward the heater was reset to its initial setting of 800°C. Referring to figure
19b a distinct variation in microstructure was observed at this perturbation, marked by
an arrow, indicating a near convex liquid-solid interface shape. Afterward directional
solidification at 8 mm/day was resumed. The melt was rapidly frozen after
solidification of half of the ingot. The cooler was held at 475°C to avoid stressing the
already solidified region. The boundary between the two regions was convex. A few
twins started from the prephiery, near the outer surface of the ingot adjacent to the
ampoule wall.

Four growth runs were performed with electroded ampoules. The first experiment was
performed with the ampoule design shown in Figure 3c. Despite the bottom electode
fitting tightly against the ampoule wall, during heating up some molten material leaked
down into the bottom of the ampoule and rapidly froze. This broke the ampoule. The
ampoule design was modified to a double-wall ampoule design as shown in Figure 3b.
In the first growth run with the new ampoule design, melt again leaked between the
bottom electrode inner wall and the ampoule wall. The leakage problem was resolved
by filling the gap between the bottom electrode and the ampoule wall with high
temperature ceramic cement, manufactured by Omega Engincering, cured at 1200C for 4
hours.

CIDS8-6, Figure 20a, was grown at 7.9 mm/day translation rate. The heater and cooler
settings were and 475°C. The bottom of the ampoule was positioned T cm above the
adiabatic zone. After 40 hours of ampoule translation, corresponding to 1.3 cm of
translated distance, passage of current through the growth system was initiated. An
on-off 10 amp dc current pulse with 53 s period was passed from solid to melt (i.e. solid
+ and melt -) during the entire run. The duration of the pulses, 26.5 s on and 26.5 s off,
corresponds to the period used in the ACRT growth experiment described earlier in this
report. The variation in the voltage and current settings was recorded to permit
calculation of the relative ampoule resistance. Figure 21 ampoule resistance versus
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time. During the first 80 hours of pulsation the resistance was nearly constant and
stable. Then the resistance increased linearly. Such a change in the resistance can be
attributed to the progression of solidification.

Figure 20b shows CIDSB-6 after sanblasting. The axially sectioned ingot is shown in
Figure 20c. A crack appeared during culling. A large number of scattered curved
boundary grains were present in the first-to-freeze region of the ingot. The number of
columnar grains diminished in the middle of the ingot. A few twins started near the
prephiery of the ingot and grew parallel to the direction of growth. No new twins were
generated during growth. One half of the sectioned ingot was mounted in epoxy,
mechanically polished and chemically etched. No striations were detected even at 5000X
under SEM.

To determine temperature and freezing rate variations with current pulsing, an
electroded ampoule was prepared with 20% InSb feed composition material doped with
1000ppm Te (0.03 g). Due to a 3 hour power outage, the ampoule broke. (The available
backup power source for the VBS ingot growth apparatus, on the bottom rack in Figure
2, provides 2400 W for 40 min.)

In-situ temperature measurements during pulsations were performed in the melt prior
to the onset of solidification. Figures 21 and 22 show the temperature measurements in
the melt of Ing »Gag gSb during 30 s agnd 60 s pulsations. The steady temperature prior
to pulsation in the melt was 812.30C. The temperature of the melt increased to
maximum values of 815.0 and 816.1°C, for the 60 s and 30 s pulsation times,
respectively. After the termination of the current pulse, the melt was allowed to cool to
the initial steady state temperature for 220 to 250 s. The temperature continued to rise for
10 s after the current was switched off and then began to decay. This extended
temperature rise probably reflects the response time of the thermocouple. (Similar
behavior was observed by Silberstein et al. [24] in studying the effect of pulsations on the
directional solidification of the Bi-Mn eutectic) Passage of a square-wave 10 amp
current, 60 s on and 30 s off, through the melt resulted in a periodic temperature
variation in the melt, as shown in Figure 23. However, alternating current pulses of 10
amp with 60 s duration, i.e. 30 s + and 30 s -, resulted in restablishment of a new steady
state temperature in the melt during each application of current.

The ampoule was then lowered into the furnace to promote solidification. The
thermocouple reading was monitored to position the thermocouple junction in the
vicinity of the liquid-solid interface (in reference to the freezing temperature of the
material, about 695°C). The objective was to measure the temperature variations due to
Peltier heating or cooling generated at the interface. At 716.1°C, passage of the current
resulted in a sudden jump of the thermocouple output, Figure 24. This jump, from 716
to 7379C, at the time of pulsation was due to exposure of the junction to the melt during
pulsation. The experiment was terminated.

D. Plans

First on the agenda is to analyze the already grown ingots using EDX and FTIR. The
axial and radial composition profiles of the ingots will be determined. Compositional
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profiling of the ingots will provide information on the effect of current-induced growth
rate fluctuations and axial vibrations on the homogeneity of the ingots as compared with
the ingots directionally solidified under no external disturbance. A transient one
dimensional heat transfer model, already formulated using a finite element Galerkin
method with roof function, will be programmed for the computer. The model will be
used to predict the variation in the interfacial growth rate due to Peltier heating/cooling
and Joule heating.

Two in-situ thermal transient measurements will be performed; one with GaSb, whose
thermophysical properties are well known and another with IngoGaggSb feed
composition. The emphasis will be on measuring the temperature fluctuations near the
interface due to the Peltier effect. Temperature measurents in the melt during pulsation
will be implemented into a lumped capacity model to determine the heat transfer
coefficient between the charge and the furnace. The value of heat transfer coefficient will
be used in the heat transfer model.

One current-induced growth run will be performed with Ing »Gap gSb feed composition
doped with Te (100 ppm). The ojective of this experiment wi?l be to demarcate the
interface by passage of current across the interface. The demarcation striations will
reveal the shape of the interface. Also, by measuring the distance between consecutive
demarcations and knowing the frequency of pulses, the microscopic growth rate can be
determined. The heater and cooler settings will be 800 and 475°C; and translation rate
will be 8mm/day. One ingot with 20% InSb composition will be grown with alternative
current pulses of 10 amp amplitude. Different pulse durations will be tried during
growth, e.g. 3 days of growth with 60 s + and 60 s - ; 3 days of 120 s + and 120 s -, etc.
This experiment will provide information on the effect of pulse duration on the
microstructure and composition of the ingot. One ingot with 20% InSb will be grown
with on and off squarewave 10 amp current pulses. The pulse durations will be similar
to the previous experiment for comparison.
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Figure 1. Schematic diagram of vertical Bridgman - Stockbarger ingot growth
apparatus and current interface demarcation system.
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Figure 2. Experimental setup. ORIGINAL PAGE
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Figure 3. Electroded ampoule for current interface demarcation.
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Figure 4. Thermocouple - ampoule arrangement for radial and axial temperature
profiling in the VBS furnace.
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Figure 5.
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Experimental setup for in-situ temperature measurements in the charge
during application of current pulse.
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Figure 6. Ampoule design for in-situ thermal transient measurements
current pulsation.
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Figure 7. Critical G/V for contitutional supercooling in In,Gay_,Sb [14].
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Figure 8. Thermocouple readings in the charge and on the ampoule wall in the VBS
furnace for heater and cooler settings of 770 and 75°C, respectively, and
2.54 cm (1") adiabatic zone.
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Figure 9. Temperature gradient versus axial position in the furnace, from the data in
- Figure 8.
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Figure 10.  Radial isotherms versus axial position in the furnace. The origin is the
center of the adiabatic zone.
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Figure 11a. Photograph of ingot DS12-1 with Ing 5Gay gSb feed composition grown at
12 mm/day ampoule lowering rate and temperature gradient of 80 to
110°C/cm. The growth direction is from left to right.
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Figure 11b. Photograph of axially sectioned ingot 1DS12-1 mounted in an epoxy mold.
The ingot was mechanically polished and chemically etched in
_lHF:lHNO3:1HZO for 15 to 20 s to reveal the microstructure. Arrows
indicate the direction of growth.
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Figure 12.

Photograph of axially sectioned DS8-2 mounted in epoxy. The ingot was

directionally solidified at 7.9 mm/day and 90 to 110°C/cm temperature
gradient. The growth direction was from left to right. The ingot was
mechanically polished and chemically etched in THF:1HNO3:1H5O for 15
to 20 s to reveal the microstructure. Large microcracks occurred during
etching the sample. The liquid-solid interface was near convex, as seen in
the last-to-freeze section.
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Figure 13.  DSC heating thermogram of the dome material accumulated at the end of
ingot DS12-1. Aluminum was used for calibration of Perkin-Elmer DSC.
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Figure 15.  Temperature profile in the VBS furnace measured in an empty ampoule
. using a K-type thermocouple at a heater setting of 800°C and cooler

settings of 450 and 490°C. The height of the adiabatic zone was 2.5%
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TEMPERATURE (°C)

Figure 16.  Temperature profile and temperature gradient in the VBS furnace
measured using a K-type thermocouple in an ampoule without a charge
for heater settings of 825 and 850°C and a cooler setting of 500°C, with a
6.35 cm (2.5") adiabatic zone.
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Figure 17a. Photograph of 1)S8-3, 11\0_2(10().2“‘}» feed composition, grown at -9
mm/day ampoule lowering rale, and 23-300C /cm temperature graddient,
The growth direction is from left to right. The ingot was sandblasted 1o
reveal the grains. TIall of the melt was rapidly solidified to reveat the
liquid-solid interface.
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Figure 17b. Photograph of axially sectioned ingoet of Figuie 178 monnted inepo
The ingot was mechnically  polished and chemically ctched
LTI THNO5: THAC for 20 to 25 s to reveal the microsttuctare.
indicate the direction of growth.
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Figure 18.  Photograph of DS8-1;  InjoGag gt feed composition directionally
solidified at 8 mm/day ampoule lm\‘ ring rate and temperature gradient
of 35°C/cem. The growth direction was from left to right.

T?T"TWU”WWWHIH?TTNH}WTIIH 'f{”""i‘

S A I

40



Figure 19a. Photograph of VDS8-5; Iny ~Cap e feed composition, directionally
solidified at 7.9 mm/day and 33Y°C /¢m temperature gradient under
applicalion of axial vibration to the ampoule  at 2 7z and 01 om

amplitude. Growth direction was from left to right.
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Figure 19b.  Photograph of axially sectioned VDS8-5 after sandblasting. The markers
indicate the liquid-solid interface.
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Figure 20a. I’hotograph of CID8-G; Ingy 2Gag gSb - feed composition, directionally
solidified under application “of 10 amp square-wave dc current (157
amp/cm# current density) for 26.5 s on and 26.5 s off. Curtent was passed
from solid to melt (i.e. solid [+] pole and melt [-] pole).
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Figure 20b. Photograph of CID8-6 after sandblasting to reveal grains and twins.
Growth direction was from right to left.
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Figure 20c. Photograph of axially sectioned and sandblasted CID8-6. Growth
direction was from left to right.




Figure21.  Ampoule resistance versus time. Pulsation was initiated after 40 hours of

translation.
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Figure22.  Thermocouple readings in a melt of Inpo.GaggSb during and after
application of a 10 amp dc current pulse for 30 s.
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Figure 23.  Thermocouple readings in a melt of InypGaggSb during and after
application of a 10 amp dc current pulse for 60 s.
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Figure 24.  Thermocouple readings in a melt of Iny,GaggSb during passage of
square-wave 10 amp dc current (15.7 amp/ cm? current density) through
the melt.
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3  Diffusion Controlled Conditions — A Numerical Model

3.1 Background

The non-dimensional equation that describes the concentration distribution in the melt is:

g2c 19Cc  8C  , 9C _

loC  O°C 9%¢ _o. 1
st aant ez T ez =Y (3.1)
where
RV
Pe = —. 3.2
e= 5 (3.2)

Essentially two strategies have been used to solve this equation: finite element analysis -
and finite difference methods coupled with a coordinate transformation. Given the recent
advances in memory, speed, and software for personal computers, the finite element method
may become the dominant method to solve any problem for a non-rectangular domain, no
matter how simple that domain may be.

The curved melt/solid interface poses a problem for finite-diflerence schemes. I a regu-
larly spaced grid used, interpolation is required at the interface. This makes programming
a nuisance. To avoid interpolation, a coordinate transformation is often used. The classical
transformation for this problem was used by Landau (33) for the heat conduction equa-
tion and later for diffusion by Duda et al. (34). If the interface is described by H(R) the

following substitution is made into the diffusion equation:
c=27/H(1) (3.3)

A=R (3.4)

This transforms the domain into a unit square. Using these substitutions, it is easy, although

tedious, to obtain new equations for the differentials:

9c _ 9C dc  9C

3% = 9 AR ax (35)



go e o (acyac:
OR? Je OR? OR) O0¢

de OC? oC? o

2ot 5y (3.6)

ORIcOIXN N2

oC oC 0Oe _
8—Z- e &-a—z (3.{)
HC? 9C? [ de \?

7 7(57) (3:8)

After making the approprfate substitutions into the original diffusion equation, a linear,
homogeneous, partial differential equation with variable coefficients is produced. A banded
coefficient matrix is produced in the discrete problem. In the previous discretization scheme
a “five-point star” was used in the bulk melt, and a “seven-point star” was used near the
interface. In this discretization, the mixed partial derivatives generate a “nine point star”
that is used throughout the entire melt.

Other more sophisticated transformations streteh the solutal boundary layer in addition
to transforming the domain into a square (35). Stretching transformations have the benefit
of reducing the truncation error associated with the discretization in regions where the

concentration in the melt changes rapidly with distance.

3.2 Discretization Used Here

The discretization in this work uses constant radial and axial step sizes in the bulk of the
melt. Near the interface the radial step size is maintained, and the axial step size is adjusted
so that all grid points are cither on or within the domain. The discretization used near the

interface is shown in Figure 3.1.

The non-dimensional equation that describes the concentration distribution in the melt

is given by equation 3.1. The boundary conditions follow:

At the top of the ampoule, Z =~ 2, a fictitious inlet is used. This inlet is placed sufficiently

far from the interface to satisfy g% = ( for all R. Conservation of mass at the inlet yiclds
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MELT/SOLID INTERFACE

\

Figure 3.1: Discretization scheme for interfacial region.



the following equation:
ac
= re(1 - ). (3.9)
a7 =1
Radial symmetry is assumed, so that at the wall and at the center of the amponle:
e
(,—“ = 0. (.10
R
Assuming constant volumetric propertics in the solid and the liquid, a mass balance at the

melt/solid interface yields:

C )
1)‘%— F VO = VR (3.11)

on

where V,, is normal crystal growth rate. The normal derivative of concentration at the

interface is:

"

oC
on

U
.

(.17)

= [ ]
Where the unit normal vector N is:

¢ fz - hain (3.1

(14 h)'7?
Here é7 and ér are the unit vectors in the axial and radial directions. and hip is the slape
of the interface.

From these equations, the boundary condition at the interface can be expressed as:

anac oC ok e (11
oran oz T ) "
The finite difference approximations of the derivatives are found using Taylor series expan

sions about the iy, and jg points. In the bulk melt the finite difference equations for the

first and second derivatives and their corresponding truncation errors (‘'I'l) are:

ICi;  Cipry = Ciorg
T J L TR 310
an 2h Ha (3.13)
L2 02 C(py)
L — ; < < I; RIREN
TE < 3 PYE , Ry <pr € Rin (3.16)
(')2(,7,'J‘ ("H'l i 20551 Oy ]
2L = : SO Y4+ TE R
on: h? ! ( )



. ’lz (‘)"C(/)Q)
TE < — . Riy < pa < Rigy 2.18)
REERTY IrYL 13023 (
i Ciger = G pre (3.10)
4 2 '
k2 10°C(en)
TE < |20 7 <o < 7 320
<3 92° || 1 <01 < i ( )

0%Ci;  Cijp1—2Ci; + Cijm1

= +TF 3.21
072 k2 g ( )
k2 840(92) .
TE < — || ———= Zio1 < < Zig1- 3.22
<3Gl "3z ; 1 <025 Zipa (3.22)

The finite difference approximations are substituted into the continuous problem (Fq.

3.1). One then solves for Cj ;. The equation for 55 in the bulk melt is:

(‘.. — .1_<L+ 1)_]{(_1__’,_1 )(‘. +(_]- _l_)c'. .
“h T 9\ p2 k2 2 T anpg) YWY A\R2 T 9pRr) T

1 Pe 1 e
t (kz + 5;) Cijtr + (p - 3,—) C;,Jq.} (3.93)

The boundary condition at the wall and the center of the ampoule, %ﬁ = 0, yields

9!

Cis1,; = Ci—1,j- The appropriate substitution is made in the equation for C;; at the wall
or the center.

At the top of the ampoule, a backward difference approximation is used for ?g This
is done so that all the grid points in the discrete problem lie within the domain. Unlike
at the interface, this is done merely for convenience. At the interface, as explained helow,

programming considerations require that all the grid points lie within the domain. The

equation for C; ; at the fictitious inlet of the ampoule is:

3 - 2 1 ,
Ci;= oy + Pe Pe + Eci.j—-l - ﬁci,j—z . (3.24)

In the region near the melt/solid interface, the axial step size is varied to to avoid

interpolation. Again, Taylor series expansions are used to determine the finite difference



approximations. Near the interface, the axial step size is some fraction a of the radial step

size h.

The first and second derivatives in the axial direction are:

BC,;J‘ _ (09) C ]
YA B hoy (011 + ag) A
‘ (48] gy —
-———Ci 1 - C TE 3.25
hag (o + @) 7 U7 Thajag M t (3.25)
2 2 1.2 || 53
aza? — aya B 10°C(G)
TE < — 1 < < Ziy1- 2

S Tt 6| 925 v Zi-1 G < Zin (3.26)

Note that a; and a; are weakly dependent on both the curvature of the melt-solid

interface and on the radial position.

For 1 (R) = — B2,

. 21 0°C(G1)
) rYE (3:27)
82(:,"]' _ 2_ { [0 4X2 3] ((Yl — ag) + Q403 (03 + a4) o
0722  —  h? L aqazasaq[(eg — az) — (as + a4)] I
) — (9
+ Ci;
gy — az) (g — ) = (a3 + ay)] 43
- it B O
az(ag — az)[(ag — 0a2) — (a3 + 04)]\/"”2
_ asz + ay
a1 (a1 + az) [(a1 — a2) — (a3 + aq)] Cin
a3+ ay
_ i1 b+ TE, 2
012(CY1+02)[(011—012)—(03+a4)]c'] 1}+ (3.28)

o ol ad) (034 ) + (o3 o) (o + o) 12 [2CLca) -
— 2 2 Ry 2 L2 974 ’ ( . )
(a? a?) (a4 cq) + (af al) (vq +ag) 12 37
where
Zi-1 <G < Zjya (3.30)

Again, oy to a4 are weakly dependent on interfacial curvature and radial position.
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For 1 (R) = — 1,

~

TE < (3.31)

5h? || 0'C(¢a)
- 12

VA

The important thing to recognize is that the {runcation error is not only hounded, but is
also second order for all interfacial curvatures. lor the case of the planar interface, a1 = a3
and the finite difference equations reduce to those used in the bulk melt.

In the melt in the interfacial region the expression for Cyj is:

C. { 2 ay — o 2 (agal (1 —a2)+a4a3(a3+a4)>}_1
J

n? + e hajo T R \qapasog (o —o2) — (a3 + 04))
{Ci+1,j + Ci—y, N 1Ciy1,; +Ci1y

h? R 2h
2 ay — Q2
= Ci; 3.32
h? oy (g — az){( — ) — (a3 + a4)] CAN ( )
_:g- ay -y C
h? as (s — a3) (1 — a2) = (a3 + a4)) Ak
2 g 4y a2 )
I e - Pe———7 ) Ci
(112 oy (g + ) (G ag) — (st ay)] Chal (e + ) I

2 az + o4 1231
(71_2% (e + a2) [(@1 — @2) = (@3 + 4)] * Pehaz (o1 + az)) Ci'j—l}
Figure 3.2 shows the values of (' used at cach grid point near the interface.

It is important to recognize that the coefficients in the above equation are a function
of h and axial position only. In other words, for a given Z the values of the coeflicients
are constant for all r. This feature can be taken advantage of in the algorithm used to
solve the problem. When an iterative procedure is used, such as Jacobi or Gauss-Seidel,
the coeflicients need only be calculated on the first iteration. Once their values are known,
they are stored as a one dimensional array. This property of the discretization significantly
decreases the time needed to solve the problem. The total number of grid points is given

by: N

+

M(N+ 1)+ )i (3.33)

]

1=1

il

Here M is the number of axial steps and N is the number of radial steps.
If central difference approximations are used at the interface, some mesh points will

be outside of the domain. Points that lie outside of the domain are often referred to as
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Figure 3.2: Values of C used at each grid point in discretization near the interface.



“fictitious points.” Normally this isn’t a problem, as expressions for the - pointsare doerived
from the boundary conditions. However, because of the unique discretiation scheme nsed
here the fictitious points pose a problem. |

Figure 3.1 shows that in the interfacial region the number of e bopaints in oaorow is
one fewer than the row above it. This seemingly innocuous feature conses cach fictitions
point to be a function of all fictitious points above it. This destroy: the handed structure
of the coeflicient matrix, and makes it extremely difficult to solve the dicretized equations
directly. This problem is shown through the following example.

Consider any point which is on the interface but not at the wall v center. Phis point
is shown schematically Figure 3.3. Two fictitious points are directly sosociated with this
point. Cp is the external point created by the central difference approsimation for —:” '
is the external point created by the central difference approximation [ ’,(, An expression

for Cf is found using the interfacial boundary equation (3.14):

[

L Pek, — 1)) Coi AR

[}

—hay(ay + ag) faz —

oy ( hevaovg

Iyoe (g 1 oay)
B 201

lyap(op | oag)
froaloy fea) (U
201y

Cigrg +
The problem with this discretization can now be seen. Just as (51 o0 hinetion of €7,
Cp is a function of C¢, C¢ a function of Cp, and finally Cg is a Ninetion of the very first

fictitious point (4. The latter point is found using the boundary equiion the interface

coupled with the boundary condition at the center at the ampoule:

aoC , . o
57 = Pe(key — 1) (3.45)
From whence,
~ e . o Lo
Ca = vy (o + wy) (tu oy + 1>c(kpq - l)) Cij+ (‘_’; ) Ca (3.36)
aq heag g v

For completeness the final fictitious point, €7z, which is associated with the interface af the
ampoule wall, is specified by:

(7,"]',4 1 - g(vz

— Pk, N 337
2/I.u| ](( ! l)( ( ')

Cg = =2hoPe(keg — 1Y+ i (3.35)
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ntral difference 'vpplu\'im:Ll,i()u:; are

Figure 3.3: Fictitious points that are generated when ce

used at the interface. The fictitious points lie outside of the domain
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The above problems are avoided by using forward finite difference spproximations to

the interfacial boundary equation:

aC o ) ) o
57{- = ‘"';('i,j -+ 4¢ th 1, (,r,’+2‘] (‘.;())
aC 1 ay . (3
— = =y ——<C 42 - ———— 7, s
VA h Lag(ay —az) (@ — a3)
- m(‘i,j} +TE {3.40)
a3
B2 0g) ‘
TF < ajag— || — =+ (1.41
= sy tya ~ )
75 < 03 < Yy (2.12)

Using the above difference equations and the boundary condition at the inferface (3.14) an

expression for (' ; is found:*

1 (34, 3 -1y O
Cij = { oy T e, 1)} { A

n 2h licey oy a(evg o)
as h, ,
iy = Sy s = Ciya } 243
n’]((\’l _ ”‘:‘) 341 9 ( 11, 4&,]) ( )

In this project, three methods were used to solve the system of divorete equations: two
were direct methods, and one was iterative. In one method finite difleronee equations are
written so that all points are within the domain. This generates a bando coellicient mafrix.
The matrix is inverted using Gaussian elimination. Although the wmotriv isn™t dingonally
dominant, pivoting was not necessary.

In the second case, central finite difference equations were used on the houndaries. 'Ihis
process, as explained above, generates fictitious points which changee the handed cocllicient
matrix into a sparse square matrix. ‘This increases the computer time needod to solve the
problem greatly since the time needed to invert a square matrix is proportional toits order

cubed. (Ior a banded matrix the time to invert it is proportional to it order squared.)

*This equatlion needs to adjusted when the point r = 1 &ois reached. At thet pomt ¢, v ontuade of
the domain. This is accomplished by noting that:

act
ant,

From this relation one obtains Ciya, = Ci,,. The appropriate substitution is necloon the cquation ot the

interface.
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A highly efficient Successive Over Relaxation SOR method is the thud technique used
to solve the discrete problem. In this method, the discrete equations a1e reartanged to the
form C;; = .... The equation for s ; is solved at each mesh point in the domain and its

value is “corrected” using the following procedure:

ko vk —1 gk .
Ci,j = (1 — LJ)C 4w 743 (.;‘1)

tJ
Where k is the iteration number.

The speed with which any iterative method converges is directly refitod to how well the
initial guess approximates the actual solution. In the SOR method used. the concentration
field is initialized using the one-dimensional diffusion equation. Then several thousand
iterations are performed using a coarse axial and radial step size of (0.1. VI 5000 iterations
are performed or when the maximum residual falls below 1076, the po edure is stopped.
The axial and radial step sizes are quartered. The values of concentiation ot the new erid
points are estimated with linear interpolation, and the SOR is continned nntil the previous
stopping requirements are met. Three to six hours on a Zenith 7 2t compuater (with an
80287 math co-processor) is usually enough time to obtain a solution.

The accuracy of the results can be checked by comparing the ma e at 2 - oo
the flux through the interface (defined by Z = H(It}). For steady-state conditions the two
fluxes must be equal since mass is conserved at the interface. At 7 < the axial mass
flux is given by:

CV A (3.15)

where A is the cross-sectional arca of the ampoule. At the melt /solid inter e the axial

mass flux is given by:

1
Vikeq C(R)dA (3.16)
0

Tor steady-state condtions the two fluxes are equal and the expression for €7 i given by

- 1
C = ;;,,q/ (J(Iz,)le,//fl (3.17)
Jo - H(RY

= 1
The error in the mass balance is always helow 5% and nsually below |
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The speed of convergence was found to be extremely sensitive Lo sl changes inwiu =

1.7 was usually used. Any factor which increases radial segregation {inter(aeial curvature,

higher Peclet number, ke, different from 1) necessitates the use of » clirhtly smaller value

of w. However, in all cases 1.65 S w < 1.75.
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4 Experimental Procedure

In this project naphthalene crystals that were doped with approximately 0.3% azulene
were grown using the vertical Bridgman-Stockbarger technique,  Atter the solidification
process was completed, the axial and radial distribution of azulenein the na phthalene matrix
was measured using gas chromatography. Convection in the melt was observed through a
transparent furnace under the same thermal conditions used to grow the crystals. (For
details of the visualization procedure refer to references 25,26.) In Chaptor 5 the nature of
the convection is correlated with the segregation in the crystal.

Scintillation grade naphthalene and sublimated azulene were obt~ined from Aldrich
Chemical Co. The physical propertiecs of naphthalene are summarized in Table 4.1. The

phase diagram for this system is given in Figure 4.1 (36).

Physical Property R Value “ R(f‘l"l "
Thermal Expansion, /3 7.75H8% Iv()m tR! ( if\)
Dynamic Viscosity, y 8.;.5*10*"‘ ;,;11: ~~~~~ ( 15)
Melt Density, m 0.977 p/em? (1
Solid Density, ps l.l.r; g/<;1_13 >( Vl Ny
Diffusion Coef., D 2.0*107" cm?/s (37)
Segregation Cocf., k¢, | 0.3 B | V(,'Hil
Schmidt Number, Sc 122 |
Grashof Number, Gr 501247 K1

Table 4.1: Physical properties of the avnlene/naphthalene ostonm

The diffusion coeflicient of azulene in molten naphthalene was cale ulated wsing a corre
lation that is based on the Stokes-Einstein equation. For small concentiafions of .Lin I
the diffusion coeflicient D g in cm?/s is given by (37):

])AH = T.1%+ ]()*x(—w—,}_{f‘!}})‘/'z’]‘

o Ry
pby
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Figure 4.1: Phase diagram for the azulene/naphthalene syste
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Here V4 is the molar volume of the solute in em? g mole Uas a liquid 2t its normal boil-
ing point (the molar volume of naphthalene was nsed as an approximation for the molar
volume of azulene), p is the viscosity of the solution in centipoise, 5 is an “association
parameter” (for this system it is 1), and 'I'is the absolute temperature. Vor dilute solutions
of nondissociating solutes this correlation is usually good to within 107

A photo of the experimental set-up is shown in Figure 4.2. The heating section was
made using large diameter Pyrex tubing and Nichrome wire. The moin portion of the
heater consisted of a tube 23 c¢cm long. nichrome wire was wound on the outside of this
tube at a pitch of 3.4 turns/cm. Inside this tube was placed another v hich fit snugly in
place. This was done to distribute the helical heat source. This entire construction was slid
inside a third tube. The latter tube served to reduce the hazards of electrical shock and to
decrease radial thermal asymmetries at the ampoule.

A short booster heater 6 cm long was constructed by winding niclitome wire on the
outside of the third tube at its base. A Pyrex tube 6 ¢ long was plar«d over the booster
section. In all, the main section of the heater was constracted from thicoo concentric Pyrex
tubes and the booster section from four. By changing the power to the booster heater the
axial temperature profile in the heater could be changed along with the convection in the
melt.

Anti-freeze was circulated through the cold zone with a heater/punip. When tempera-
tures below room temperature were desired, the anti-frecze was cooled with o flow-throngh
refrigerator that was connected in series with the pump. With thic ~vetem a range of
cooler temperatures of —40°C < 7. < 50°C could be achieved. A temwperature range of
20°C < T. < A0°C was commonly used. This proved to be cold enauph to maintain a
steep temperature gradient and prevent constitutional supercooling o the melt. When
temperatures below 20 °C were desired, thermal stress caused cracking «f the crystal,

The ampoules used to grow the crystals were Pyrex with an inner divmeter of 1.56 em
and an outer diameter of approximately 18 mm. In order to favor selection of a single grain
during crystal growth, the ampoule had a narrow constriction at one en I 1The constriction

was typically 6 ¢m long with a uniform outer diameter of 6.5 ciover =pproe imately 3 em
3 ' A
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Figure 4.2: Photo of set-up used to grow crystals. It was taken prior to the addition of the

booster heater.



of its length. The constriction began approximately 3 cm from the bottom of the ampoule.
The ampoules were typically about G0 cm long. A schematic of the ampoule is shown in
Figure 4.3. During crystal growth, the ampoules were sealed at the top with a size “07
rubber stopper.

The degree of crystallinity of a material is often hard to judge by visnalinspection alone,
However, N. Karl reported that a tapered ampoule, such as the one that was used here,
caused a single grain to be selected in the great majority of organic crystals that he grew
(36). He also reported that low angle grain houndaries appeared as striations in the crystal.
Most of the crystals that were grown here were free {rom striations. They were transparent
through-out except for the final few millimeters at the end. At the end, the boule was
opaque, and very small grains characteristic of supercooling were observed. When grain
boundaries were observed, they ran parallel (or nearly parallel) to the growth direction.
In such occasions, the crystal would break apart at the grain boundary if handled to any
degree. A discontinuity in azulene concentration was observed in only one crystal, but a
grain boundary could not be scen.

The ampoules were rinsed several times with deionized water to clean them. They were
then soaked overnight in a solution containing equal parts by volume of detonized water,
concentrated 11C1 , and concentrated HNO3. After this they were again rinscd several times
with deionized water followed by several rinses with spectrophotometrie rrade acetone. 'l he
ampoules where then stoppered until used.

Prior to growth, 20 g of naphthalene and approximately 0.05 grams of azulene were
added to the ampoule. The material was melted with a heat gun and shaken in order to
homogenize the melt. The ampoule was placed in a preheated furnace, and was allowed

to cquilibrate for approximately 6 hr before growth began. After the prowth process was

_ completed the ampoule was cut a few contimeters above the top of the crystal. The crystal

was removed from the ampoule by carefully heating the ampoule with » heat gun, cansing
the outside surface of the crystal to melt, thereby allowing it to slide ont of the ampoule.
The crystals were sliced with a small fine-toothed saw. 1f necessary, the erystal was

gently sanded with fine-grit emory paper to make the surface of the crvstal smooth. Sam
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Figure 4.3: Schematic of the ampoule used to grow crystals. The constriction near the

bottom favored selection of a single grain.
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ples were prepared by scratching the crystal with a melting point capillary tube in order
to gather approximately 0.1mg of material. The tip of the tube was then dipped into spec-
trophotometric grade acetone. Capillary action drew approximately 10 to 20 microliters of
acetone into the tube. After the sample dissolved completely, 0.8 microliter was withdrawn
from the capillary and injected into the gas chromatograph (GC). Samples were gathered
along a diameter of the crystal at five nearly equally spaced positions. In several crystals,
two additional samples were taken near the edge of the crystal perpendicular to the line
formed by the five samples.

The GC used was a Perkin-Elmer Sigma 2000 gas chromatograph equipped with a flame
ionization detector. The column used was 6 ft (1.8 m) by 1/8 in (3.25 mm) ID stainless
steel . It was packed with 10% Carbowax 20M on Chromosortr W-IIP 80/100. Eleven
minutes was required to completely elute the sample using a column temperature of 190
°C. Nitrogen was the carrier gas.

A chromatogram of a typical sample is shown in Figure 4.4. 1t is a plot of the responsc
of the detector, measured in voltage, versus elution time in minutes. The elution times for
the components were approximately: 1 minute for acctone, 4 minutes for naphthalene, and
9 minutes for azulene. In Figure 4.4, only the naphthalene and acetone peaks can be seen.
In Figure 4.5 the full-scale height has been reduced approximately 500 times. In this figure,
the azulene peak is visible. Note the excellent separation of the naphthalene and azulene
peaks. The peak arcas were calculated automatically by the instrument.

The GC results were converted to mass fraction using:

Ay .
Ty = f(v;;);l-;Tﬁf:A;, (1.2)
where A is area in the chromatogram (determined numerically by the instrument) and g
is the detector’s flame ionization yield for component i. Detector nonlinearities caused by
interactions between components are contained in the term f(m). Provided the variation
in the total mass injected is small, and z; is less than 1%, f(m) can be set equal to 1
(38). The ionization yield factors were found by calibrating the instrument using standard

solutions of azulene and naphthalene in acetone. (The ratio of the ionization yield factors

and the data from the GC for each run are given in Appendix A.)
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Run | Naphthalene Area 1\21111'11(‘_;{1't~;\. Azulene Mass Frac,
1 197000 ]—”';0 (;.741;170 v
2 171000 His lm (i:!;zw' I
3 199000 "i“”(‘)‘“" (5.8‘;* T
4 191000 1070 7.02% l;) v
5 197000 1100 6.96* 100
6 195000 1110 7.00010

Table 4.2: Determination of the relative error in procedure by repeatedly analyzing the

same solution.

An estimate was obtained of the relative error of the chromatographic procedure, ie.
the variation in the results when the same sample is analyzed repeatedhv Toapproximately
20 ml of acetone was added enough naphthalene and azulene to produce a solution simi-
lar in total mass dissolved and in relative concentintions to that oh vined from a typical
experimental run. 0.8 micro-liters of this solution were repeatedly injected and the chro-
matograms obtained. The results are noted in Table 4.2. The total naphthalene area,
ANaph., Was 1150000, and the total azulenc arca. A 4., was 6390. From these results the

mean azulene mass fraction was given by:

A A=
A.-\:‘ + 0.796 + ANaph.
6.93+ 1077

i1

Twice the maximum deviation from the mean in these runs was A0 ol the mean, This s
taken as a conservative estimate of the relative error in this procedure In other words, the

“mass fraction and its error were caleulated using:

A A
P = ek 0054 | e (1.3)
Al + i—‘f‘Ag A] + %%A‘z

The absolute error, the error in the calculated mass fraction ver s the actual mass

fraction (also called systematic error), depends on the calibration proce e wsed . When
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using quantitative GC analysis, internal standards should be used. T'wo solutes of known
concentration should be added to the acetone. Their propertics with respect to gas chro-
matography, e.g. flame ionization yield, mobility on the column and chemical stability at
high temperatures, must be the same as naphthalene and azulene. However their retention
times must be sufliciently different so that no two peaks overlap in the chromatogram. Us-
ing this method, a negligible experimental error is obtainable. Unfortunately, the enormons
mass of naphthalene in the samples precluded this method.

Assuming the flame ionization yields in equation 4.1 could be precisely determined by
calibration of the instrument, the GC analysis used here would be the same as the internal
standard method. The reason one calibration wasn't enough is because the column ages
with use, and the mobility of materials on the column changes. Therefore, it should be
recalibrated before every analysis. This proved to be impossible since the GC had an
intermittant electrical problem that worsened as the instrument warmed up. Precious 1uns
couldn’t be spared for recalibration.

TFor this reason all radial composition profiles were scaled by the measured mean con
centration of each crystal. In this way, moderate systematic errors were eliminated and the
actual error in the results, when scaled, was a conservative 5% of the calcnlated valne. 1f

no calibration procedure was used, the azulene concentration would be caleulated by,

Ay

- : L
/11 -+ ;‘3 ‘

Iy -

The difference between equations 4.4 and 4.3 represents an upper honnd on the absolute

error of the determination of the azulene concentration in the crystal.
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5 Results

5.1 Diffusion Controlled Conditions — Numnerical Results

The calculation of the amount of radial variation in composition in a crystal (also called
radial segregation) during solidification under diflusion controlled conditious is straight-
forward. The diffusion coefficient and k., are the only physical properties that influence
segregation. As shown in Section 4, these values are accurately known for the naphtha-
lene/azulene system. When the shape of the melt/solid interface and the growth rate are
known, the shape of the radial concentration profile in the crystal can be caleulated. How
ever, the effects of these parameters may be difficult to separate using composition data,
especially since segregation is also influenced by convection in the melt.

Without a strong magnetic field or low gravity, diflusion controlled conditions are dif-
ficult to produce in the vertical Bridgman-Stockbarger crystal growth technique. The ge
ometry of the Bridgman setup insures that radial temperature gradients, and therefore
convection, are nearly always present in the melt. Because of this, the distribution of
dopants in the crystal is usually influenced by convection in the melt. However, the degree
to which convection in the melt played a role in concentration variations in a grown crystal
can, to some extent, be estimated by calculating the radial segregation that would have
occurred had convection in the melt not been present.

Figure 5.1 shows the influence of Peclet number on the radial concentration profile for a
convex interface having a dimensionless amplitude of 0.25 with k., < 1 and no convection.

The dimensionless amplitude of the interface is defined:
[HT(R=1)-H(I-=0) (5.1)

where R is the radial position nondimensionalized by the ampoule’s radius. In all results
-presented, the mass balance at the melt/solid interface is satisfied to within 1%. As shown
in Figure 5.1, the radial variation in composition increases with Peclet number. As the
Peclet number becomes large, the change in composition at the interface, near the center,
is reduced, and most of the change in the radial composition profile is at the ampoule wall.

The is because the axial concentration profile in the melt is steepest at the wall when the
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Figure 5.1: The influence of Peclet number on the radial composition at the melt/solid

interface. k., = 0.3. The interface is convex with an amplitude of 0.25.



interface is convex.

For sufficiently low Peclet number, there is no radial segregation. reeanidless of interfacial
curvature. Under these conditions the results of this model Tave little to da with an actnal
crystal growth sitnation. When the growth rate is very small, an extromely long ampoule
is needed to achieve steady-state conditions in the melt. LFor very stow growth rates in a
real growth system, e.g. as with HgCdTe or InGaSh, the transport plenomena are always
transient and the axial concentration profile is identical to that obtained nnder well mixed
conditions. For well-mixed conditions, or diffusion controlled conditions whewn the growth
rate is small, there is no radial segregation for any interfacial corvatnee

Figure 5.2 shows the influence of Peclet number on the radial variation in composition
for a concave interface with k., < 1. 'The results for the concave interhace are essenfially
identical to those in the previous case, except the shape of the conrentration profile is
inverted.

A useful feature of the discretization used here is that it can be easily adapted to any
interfacial curvature. Figures 5.3 to 5.5 show the radial concentration varintion for acosine
shaped interface. This interface shape is somewhat unusual in that it changes concavity
in the domain. Also, its first derivative with radial position is zero at hoth the center and
the ampoule wall. This type of interfacial curvature could occur if the melt/solid interface
intersects the ampoule in the insulation zone.

Figure 5.6 shows the radial concentration profile for an interface deservibed by H (1) =
—0.5 % RN 4 0.5 for different values of N. As the order of the polvnomial that deseribes
the shape of the interface increases, the interface becomes flatter in the center and changes
more steeply near the edges. This effect is seen in the radial concentiation profiles of Figure
5.6. The same thing is observed in Figure 5.7, which hows the radial concentration profile
for an interface described by H(R) = 0.5+ RN,

- Figure 5.8 shows the effect of the equilibrium segregation coeflicient on radial segrega.
tion. The further ko, changes from 1, the larger the sogregation. Becovie of the hehavior
of the truncation error in the finite difference scheme, the smallest valne of Ao that conld

be studied was (0.1. There was no limitation on the valne of k, when 1 I,
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Figure 5.2: The influence of Peclet number on the radial concentration profile.
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RADIAL SEGREGATION VS. EQUILIBRIUM CONSTANT
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Pigures 5.9 to 512 summatize the radial concentiation proliles calenlated for the growth
conditions typical of azulene doped naphthalene. The Peclet numbers most often used in
the experimental portion of this project were 3.2, 0.6, and 8.6. The eqnilihrinm segregation
coeflicient for this system is 0.3 when the concentration is azulene in the melt is below
5%. ‘T'he parameter with the most uncertainty in the experiments was the shape of the
melt/solid interface. Becanse of the transparent heater used to grow the crystals. the
interface could he seen when the ampoitle was illeminated from belind witha bright Tight
(Azulene is very dark blue.) Under all crowth conditions the interface appeared to be fiaf.
Nevertheless, the possibility exists (hat an interfacial amplitude on the arder of 1 mn could
have escaped detection. When scaled by the radins of the ampoule this wonld correspond 1o
a dimensionless amplitude of 0.125. An interfacial amplitude twice this value is probably is
an upper limit for the amount of curvature obtained in these experimenta, The radins of the
crystal was approximately 8 mm, and o cnrvature of 2 mm over this i tanee would sneeh
have been noticed. Therefore, 0.25 is nsed as the likely maximum intereinl amplitnde for
this project.

Figure 5.9 shows the computed radial concentration profile of motorinl when the di
mensionless amplitude of a convex melt /solid interface is 0.125. At high Peclet number
the solutal boundary layer (i.e. the region in the melt where the solufe concentration goes
from its interfacial value to near its btk melt value) begins to conbirm to the shape ol
the melt/solid interface. This causes the radial concentration profile to hrecome flattey nea
the center. This effect is more clearly seen in Figure 5.10, whicl shows {he results fon
an interfacial amplitude of 0.25. In this case, the radial concentration profile is not onh
flatter for the highest Peclet number. but the concentration of azulene wear the center is
actually closer to one. For very hieh Peclet numbers i e~ 40, there would beno tadind
segregalion because the solutal boundary layer wonld conform exactly to the shape of the
melt/solid interface Unfortunately, this model can’t be used for such Targe values of Iecle
number.

Figure H.11 shows the calenlated vadial concentration profile when the dimensionlons

amplitude of a concave melt/solid interface f6 (0.125. Figure 5.12 shoee the radial coneen
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tration profile when the dimensionless amplitude of a concave melt /solid interface is 0.25.
Unlike the results for the convex interface, the decrease in concentration near the centor of
the crystal at high Peclet number is more pronounced for an interface cnrvature of smaller

amplitude,
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Figure 5.11: Radial concentration profile as a function of Peclet number for a concave
interface with an amplitude of 0.125 and k., = 0.3. The parameters reflect those typically

used here for growth of azulene-doped naphthalene.
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Figure 5.12: Radial concentration profile as a function of Peclet number for a concave
interface with an amplitude of 0.25 and keq = 0.3. The amplitude of the interface represents

an upper limit for that used here for the growth of azulene-doped naphthalene.
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5.2 Convection

This section summarizes the relationship between the temperature profile of the heater and
buoyancy-driven convection in the melt. Flow visualization in naphthalene is difficult be-
cause of the unavailability of a suitable neutrally buoyant tracer pa rticle. Flow visunalization
is particularly difficult in the vertically stabilized condition in which convective velocities
are extremely small. In a destabilized condition, in which convective velocities are much
larger, the flow field is much easier to visualize because the viscous forees on the tracer
particles are much larger. For this reason, salol, with sulfur as a tracer. was used for most
of the experiments leading to the following figures.

The heater for these experiments was made from a polycarbonate tuhe. Jts inner diam-
eter was 22.3 mm. Grooves were carved in the outer wall of the tube usinga lathe. Within
the grooves were mounted nichrome wires at a uniform piteh of 3.2 trnsfem. The heater
consisted of three zones: a 3.5 cm booster, a 16.2 cm main heater, aud b em hieater on
top. The diameter of the Pyrex tube containing the salol was 15.6 mm Below the heater,
the ampoule was cooled by the surrounding air. Thermoconples were plued to the outer
wall of the Pyrex tube at regularly spaced axial intervals. The standard flow visualization
technique was used (25,26).

Figure 5.13 shows the axial temperature profile in a destabitized condition. In this run,
the power to the booster heater was large. This generated o maximun in femperatine in
the melt just above the melt/solid interface. The power to the upper sone of the furnace
was turned down. This caused the temperature to drop off sharply near the top of the
melt. In this destabilized condition the axial temperature gradient above the melt/solid
interface and near the top of melt generated convection. The conve ton associated with
Figure 5.13 is shown in Figure 5.14. Strong convection existed thronghont the entire melt.

"The convective cell near the top of the melt was generated by the temperature roll-off at
the top of the heater. Strong convection existed near the interface due to the maximum in
temperature caused by the booster heater.

Figure 5.15 shows the temperature profile when the power to the haoster heater was

decreased. The axial temperature gradient near the interface did net promate convection.
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Figure 5.13: Axial temperature profile for a destabilized condition. The short line indicates

the position of the melt/solid interface. The top of the melt is at 200mm.
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Figure 5.14: Convection for a completely destabilized condition. Strone comvection exists

throughout the entire melt. A 4 second exposure was used.
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The convection associated with this temperature gradient is shown in Figure 5.16. This
figure shows that the temperature roll-off at the top of the heater generated convection
which was most intense at the top of the melt and decreased i intensity as the interface
was approached. There appeared to be very little convection near the interface.

Figure 5.17 shows the axial temperature profile when the power applicd to both the
booster heater and the top zone of the heater was large. The convection awisociated with
this temperature gradient is shown in Figure 5.18. The maximum in temperature gen-
erated intense convection near the interface. The intensity of convection decreased with
height. T'he stabilizing temperature gradient at the top of the melt appeared to retard the
convection generated by the booster.

It is very diflicult to visualize the convection in a stabilized condition. Since no tracer
particle is completely neutrally buoyant, they tend to either float or sink. Very slow con-
vection requires very long time exposures in the flow visualization procedure. o order to
prevent over exposure of the film, a multiple exposure technique was wod. In this proce-
dure the lens was left open for 3 minutes and every 30 seconds the Thor was flashed for
approximately 5 seconds. This generated a photo of the flow field that was three minutes
long, but the film was actually exposed for only 30 ceconds.

Figure 5.19 shows the axial temperature profile for a stabilized condition. Under these
conditions, the axial temperature gradient did not promwote convection However convection
in the melt was generated by radial temperature gradients.

The convection associated with these conditions is shown in Figure 5200 Atthongh the
sulfur tended to sink, evidence of convection in the melt was clear. 'The stienks traced by
the sulfur as it settled were very curved, indicating convection was present in the melt, The
radial component of the convective velocity can be estimated from the total radial motion
_of the particle during the three minute period. Figure 5.20 indicates that the maximum
radial convective velocity was on the order of 20 micron/s. This is of the same order of
magnitude as the growth rate used in the naphthalene/azulene system 3 to 9 micron/s.

Figure 5.21 shows the axial temperature profile for o stabilized condition under the con

ditions used 1o grow naphthalene crystals. Under these conditions, snlfne particles tended
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Figure 5.16: Convection caused by the temperature 1oll-ofl at the top of the heater. An 8

second time exposure was used.
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Figure 5.18: Convection caused by a maximum in temperature near the interface. A 4

second time exposure was nsed.
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Figure 5.20: Convection for a stabilizing temperature profile. Very little convection existed

throughout the entire melt. A 3 minute multiple exposure was used.
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Figure 5.21: Axial temperature profile used to grow naphthalene crystals in a stabilized
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to sink almost immediately. Nevertheless, the amount of convection in the melt was esti-
mated using azulene as a tracer dye. (Note that one must be cautions in interpreting the
results when tracer dyes are used to visualize convection since the dye itself can generate
solutal convection.) To the naphthalene melt was added a fow milligrams of azulene. T'he
two photos in Figure 5.22 were taken 10 minutes apart. While some mixing was apparent in
the left side of the melt, it is consistent with the results obtained in the salol experiments.
Convection in a stabilized condition is extremely gentle.

Figure 5.23 is an interesting photo taken during solidification of pure naphthalene in a
stabilizing temperature gradient. This time exposure photo shows the streaks caused by a
stream of bubbles that were being ejected from the melt/solid interface during solidification.
As the bubbles rose, they broke into smaller ones. The spots in the melt are sulfur parti-
cles, which appear motionless in this photo. Evolution of gases at the melt/solid interface
can contribute to mixing in the melt. Marangoni convection caused by the bubble at the

melt/solid interface may also influence segregation.
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Figure 5.22: Azulene is being used as a tracer-dye to visualize convection. T'he two photos

were taken 10 minutes apart.
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Figure 5.23: Streaks caused by the evolution of gas bubbles from the melt/solid interface

during solidification. The photo is a 4 sec exposure.
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5.3 Radial Segregation — Stabilized Conditions

A stabilized condition is defined as one in which the temperature near the interface increased
with height. The temperature profile used to grow all the crystals in a stabilized condition
is given in Figure 5.21

Figure 5.24 shows the axial composition profile of azulene for a typical crystal grown
under the vertically stabilized condition shown in Figure 5.21 with a dimensionless growth
rate, Pe, equal to 3.2. This axial concentration profile is characteristic of that produced
by solidification from a well mixed melt. The temperature difference in the melt near
the interface was measured and found to be approximately 0.2°C. This corresponds to a
Grashof number of approximately 10. Although the radial temperature gradient was very
small, there was a significant amount of convection in the melt.

Radial composition data associated with Figure 5.24 are given in Figure 5.25. The radial
concentration profile was scaled by the mean mass fraction of azulene. This figure gives
the radial concentration of azulene for various axial locations along the same crystal. Axial
locations along the crystal were measured in terms of the mass fraction of the crystal, g. 'T'he
radial concentration profile was very asymmetric. For mass fractions 0.2 and 0.4 the radial
concentration profile was characteristic of an asymmetric convex inferface or asymmelric
convection, or both. The concavity of the interface at mass fraction 0.7 i diflicult to judge.
Figure 5.25 suggests that temperature field in the melt was asymmetric. However, the
thermal field at the interface was measured at the outer wall of the sample ampoule, and it
was found to be symmetric to within 0.1°C.

The amount of variation in the radial concentration profile of the aznlene is referred to
here as the segregation. The segregation is defined as the maximum deviation in scaled
concentration from 1. For example the segregation of the concentration profile at g = 0.7
in Figure 5.25 is 0.45 (or equivalently 45%). Also, the asymmetry of a radial concentration
profile is quantified through an asymmetry index. 'The asymmetry index is the maximum
ratio of the scaled conce.ntra,tion at + R (R # 0) to the scaled concentration at g R. (Inter-
polation is used if necessitated by the spacing of the data.) From the ratio I is subtracted

so that a perfectly symmetric interface has an asymmetry index of zero. The asymmetry
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AZULENE MASS FRACTION
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Figure 5.24: Axial concentration profile for stabilized condition
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AZULENE CONCENTRATION
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index of the composition profile at ¢ = 0.7 in Figure 5.25 is 1.56.

The segregation and the asymmetry index of each run for a stabilized condition are
listed in Tables 6.1 and 6.2 in Section 6. The results for solidification under destabilized
conditions are summarized in Table 6.3 in Section 6.

In order to investigate the effect of thermal asymmetry on radial scgregation, an asym-
metry was deliberately induced by insulating the left half of the heater. This induced a
thermal asymmetry across the ampoule at the interface of approximately 6.4°C. The ra-
dial segregation induced by the above asymmetry is shown in Figure 5.26. The insulated
side of the ampoule was at R = 1. For all length fractions the radial concentration profile
was somewhat sinusoidal, with an increase in composition near the hot side of the am-
poule. Surprisingly, the magnitude of the radial segregation was unchanged by the thermal
asymmetry.

Figure 5.27 shows the radial concentration profile for a crystal that was solidified at the
same rate as the one described in Figure 5.25. Again the radial concentration profile was
concave and asymmetric. When convection is not axi-symmetric, the cross sectional com-
position is not accurately revealed by composition measurements along only one diameter.
In order to more accurately characterize the cross-sectional variation in the concentration
profile, the concentration of azulene in the crystal described in Pigure 7.27 was measured
along two diamecters at g = 0.5, The results are shown in Figure 528 'I'he azulene con
centration was measured along one diameter at 5 points and then at 2 points along a line
perpendicular to the first 5. The concentration was scaled by the mean of the seven values.
Figure 5.28 indicates that although a radial concentration profile may be very symmetrie in
one direction, this does not guarantee that the radial composition profile will be symmetric
in another direction. The curve consisting of five points shows a sinusoidal variation typical
_of that showed in Figure 5.26, the strongly asymmetric thermal profile.

When composition was measured along two diameters, the same convention was always
used to describe radial position. The concentration measurements go from left to right and
back to front (facing the crystal as grown) along the two perpendicular diameters, For the

curve described by five points, B = 1 refers to the right side of the crystal. For the enrve
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Figure 5.96: Radial concentration profile under asymmetrical thermal conditions. The
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Figure 5.28: Radial concentration profile for a stabilized condition measured along two
diameters. The radial concentration of azulene was measured at five points along one

diameter and then at two points along another diameter perpendicular to the first.
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described by three points, It = 1 refers to the front of the crystal.

Figure 5.29 shows the radial composition profile for a crystal grown at a higher growth
rate of 5.23 mm/hr Pe = 5.6. (Note that in these experiments the Peclet number equals the
growth rate in mm/hr times 1.0726 hr/mm.) The radial concentration profile of azulene was
concave and appeared to be more symmetrical than the previous cases. The measurements
were taken at a crystal mass fraction of g = 0.6.

Figure 5.30 shows the results for another crystal that was grown at a rate that corre-
sponded to Pe = 5.6. The radial concentration profile was measured along two perpendicular
diameters at approximately the same mass fraction as the crystal described in Figure 5.29.
Along both diameters the segregation and asymmetry of the concentration profile were
much greater for this crystal than for that in Figure 5.29, even though both crystals were
grown under the same conditions.

An attempt was made to improve the radial homogeneity of the crystal by slowly rotating
the ampoule at 2/3 rpm. The results are shown in Figure 5.31. The radial homogeneity
did not improve. In fact, it became slightly worse. Both the radial scerepation and the
asymmetry of the concentration profile increased.

Figures 5.32 and 5.33 show the results for a erystal that was grown at a rate correspond-
ing to Pe = 7.4. The figures cach show two perpendicular radial concentration profiles in
the same crystal but at different axial locations. Fignre 532 shows the renalts al the axial
location that corresponded to g = 0.2. Along both diameters the concentration profile was
convex. Unlike the crystals described above, the two perpendicular profiles were similar in
shape. The segregation and the asymmetry were greater along the dianmeter described by
five points.

The same results were obtained when the radial concentration profile was measured
farther down the crystal at g = 0.5, Figure 5.33. 'The shapes of the curves in I“igl;res
5.33 and 5.32 are very similar. The curves that consist of three points are concave and
symmetric, while the curves that consist of five points are concave and more asymmetric.

The segregation results along the length of this crystal proved to be reproducible. "Phe

same results were obtained again when a crystal was grown under the same conditions,
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growth. The concentration was measured at two different axial locations.
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Pe = 7.4. These results are shown in Figure 5.34. The concentration profiles were measured
along two diameters at g = 0.5. The scgregation was the same along both diameters, but the
curve consisting of three points was more asymmetric. The segregation and the asymmetry
for this crystal were nearly the same as that obtained in the previously described case.

Figure 5.35 shows radial concentration profiles for a crystal grown at 7.96 mm/hr (Pe =
8.6). The profiles are given for two different axial locations along the same crystal. In both
cases the concentration profiles were convex and fairly symmetric.

Figures 5.36 and 5.37 show the radial concentration profiles for a crystal grown under the
same conditions as that described in Figure 5.35. Shown in Figure 5.36 is the concentration
profile measured along two perpendicular diameters at g = 0.2. Both curves have the same
shape and are very symmetric. Figure 5.37 shows the radial concentration profiles farther
down the same crystal at ¢ = 0.5. The radial concentration profile for this case was very
symmetric in one direction, but skewed in the other. In this way this result is similar to

that shown in Figures 5.32 and 5.33 for Pe = 7.4.
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5.4 Radial Segregation — Destabilized Conditions

Figures 5.38 to 5.40 show three axial temperature profiles that are characteristic of a desta-
bilized condition. The maximum in temperature near the interface was controlled by the
power supplied to the booster heater. When the power to the booster was inereased, the
maximum in temperature above the melt became greater and broader. In all cases the
axial temperature profiles for a destabilized condition had nearly the same shape. For this‘
reason, only Figures 5.38 to 5.40 are given as representative temperature profiles.

The characteristic temperature difference used to calculate the Grashof number was
the maximum temperature in the melt minus the temperature at the top of the melt. In
order to provide maximize reproducibility in the determination of the Grashof number, the
characteristic temperature difference was always measured when the top of the melt was
10.5 cm above the center of the insulation zone. This corresponded to the point during
solidification when the mass fraction of the material solidified was 0.2.

The radial concentration profile for a destabilized condition associated with Gr = 55600
and Pe = 3.2 is shown in Figure 5.41. The radial homogencity for this crystal was very good,
the segregation was only 5%. The radial concentration profile was also very symmetric.

Figure 5.42 shows the radial concentration proliles for a run when the power to the
booster heater was increased to yield Gr = 88500. Figure 5.42 shows two perpendicular
concentration profiles that were measured at a mass fraction of 0.2, T'his was the only
crystal in which a discontinuity in radial composition was observed. Six points had nearly
the same azulence concentration, but the concentration in the center of the crystal was
larger by nearly an order of magnitude. Perhaps the anomalous results were caused by the
constriction in the ampoule used to promote single grain sclection.

The mass fraction g = 0.2 corresponded to the point during growth when the melt/solid
-interface emerged from the constriction and entered the main body of the ampoule. Perhaps
the transient growth conditions at this point in the growth process caused the interface to
be flat ncar the wall but very concave near the center. Maybe the segrogation was associa ted
with a grain boundary, although no boundary was visible at that point. In any case, an

order of magnitude jump in concentration between two points was never ohserved in any
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TEMPERATURE VS. POSITION IN A VERTICALLY
DESTABILIZED CONDITION
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Figure 5.38: Axial temperature profile for a destabilized condition with Gr = 55600.



TEMPERATURE VS. POSITION IN A VERTICALLY
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Figure 5.39: Axial temperature profile for a destabilized condition with Gr = 116000.
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TEMPERATURE VS. POSITION IN A VERTICALLY
DESTABILIZED CONDITION
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Figure 5.40: Axial temperature profile for a destabilized condition with Gr = 158000.
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Figure 5.41: Radial concentration profile for a destabilized condition associated with (77 -

55600 and ’c = 3.2. Figure 5.38 is the temperature profile associated with this run.
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other crystal.

Figure 5.43 shows the radial concentration profile when this crystal was analyzed at
g = 0.5. In this case little segregation was observed (4%) and the concentration profile
was very symmetric. These results are similar to those shown in Fignre 541 (i.c. growth
condition Gr = 55600, Pe = 3.2, concentration measured at g = 0.5, 5% segregation
observed).

Figure 5.44 shows the radial concentration profile at the same growth rate, Pe = 3.2,
and a higher Grashof number, Gr = 116000. Little segregation was ohserved, 4%. 'The
results shown in Figures 5.41, 5.42, and 5.44 indiciate that convection in the destabilized
condition (with Pe = 3.2) was sufficient to cause the crystals to have very little radial
segregation. In fact the amount of segregation might even be called negligible since it was
of the same order of magnitude as the error in the technique used to analyze the crystals.

Figure 5.45 shows the radial concentration profile in a destabilized condition with Gr =
39600, at a growth rate associated with a Peclet number of 5.6. Significant segregation
was measured in this crystal (17%). The concentration profile was also asyimmetric. Less
radial segregation was observed in another crystal grown at the same rate hut with a higher
Grashof number, Figure 5.46. The radial concentration profile was nmieasured along two
perpendicular diamc;ters al a mass fraction solidificd ¢ = 0.5, The shape of the profiles
were similar to that observed in several stabilized cases, ie. skewed sinusoidally along
one diameter and convex along the other. The profiles were also conves. However, in the
destabilized case shown in Figure 5.46 the radial segregation was much less, 7%.

Figures 5.47 and 5.48 show the radial concentration profiles for a crystal that was grown
with a dimensionless rate Pe = 7.4. Concentration profiles were obtained along two per-
pendicular diameters at two different axial locations in the crystal. Figure 5.47 shows the
_results for Gr = 76200, Pe = 7.4, as measured at g = 0.2. FFor this crystal, the concentra-
tion profile was symmetric although the segregation was large (45% in one direction and
25% in the other). Figure 5.48 shows the radial concentration profile measured farther
down the crystal at g = 0.5. At this Tocation the radial segregation was reduced but the

asymmetry had increased. Four concentration profiles were measured for this crystal. A
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Figure 5.43: Radial concentration profile for a destabilized condition at ¢ (0.5 associated

with Gr = 88500, Pe = 3.2. The composition was measured along two perpendicular

diameters.
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Figure 5.45: Radial concentration profile for a destabilized condition associated with Gr =

39600 and e = 5.6.
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Figure 5.46: Radial concentration profile for a destabilized condition associated with Gr =
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Figure 5.47: Radial concentration profile for a destabilized condition at ¢ = 0.2 associated

with Gr = 76200, Pe = 7.4. The composition was measured along two perpendicular

diameters.
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Figure 5.48: Radial concentration profile at g = 0.5 for a destabilized condition associated
with Gr = 76200, Pe = 7.4. The composition was measured along two perpendicular

diameters. The results are for the same crystal as shown in Figure 5.47.
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mean segregation of 98% was observed. Figure 5.49 shows that when the Grashof number
was increased to 138000 for this growth rate the mean segregation was red uced to 13%.

Figures 5.50 to 5.53 show the results for a dimensionless growth rate of 8.6 with various
Grashof numbers. In Figure 5.50 the results are shown for Gr = 76700. The concentration
profile was very asymmetric and the segregation was 21%.

Figures 5.51 and 5.52 show the concentration profiles for a erystal grown with Gr =
109000 and Pe = 8.6. Figure 5.51 shows that the segregation was larger than that in the
previous casc, which was grown with a lower Grashof number. The segregation was large
(47%), as was the asymmetry. Figure 5.52 shows the composition profile measured in the
same crystal at g = 0.5. Again a large segregation of 50% was measured, although the
profiles were more symmetrical. When the Grashof number was increased to 158000 a
reduction in segregation was observed (to 15%). As shown in Figure 5.53, the segregation

was less than the previous case but the profile was very asymmetric.
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Figure 5.49: Radial concentration profile for a destabilized condition at ¢ == 0.5 associated
with Gr = 138000, Pe = 7.4. The composition was measured along two perpendicular

diameters.
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Figure 5.51: Radial concentration profile for a destabilized condition at g = 0.2 associated

with Gr = 109000, Pe = 8.6.
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Figure 5.52: Radial concentration profile for a destabilized condition at g -~ 0.5 associated

with Gr = 109000, Pe = 8.6. The composition was measured along two perpendicular

diameters. The results are for the same crystal as shown in Figure 5.51.
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SCALIND AZULENLE CONC. VS, RADIAL POSITION

1.20
Gt 158000
- Pe = 8.6 *
] g = 0.5

— 1.10
o ,
= :
< ]
> ]
= ]
3 1.00
&) ’
Z,
O
&) ]
% .
-
D -
2 :
‘q: L]

0.80

0.?() ;"1"7"TI1III1IITjIIIll][l"’l'1lll¥l1]‘ll’lllllll

- 1.00 -0.50 0.00 0.50 1.00

RADIAL POSITION

Figure 5.53: Radial concentration profile for a destabilized condition at g = 0.5 associated
with Gr = 158000, Pe = 8.6. Figure 5.40 is the temperature profile associated with this

runmn.
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6 Discussion and Conclusions

6.1 Stabilized Conditions

The results for solidification under stabilized conditions are summarisod in Tables GO0 and
6.2. Table 6.1 lists the results for ¢ = 3.2 and P'c = 5.6. Table 6.0 lists the results for
Pe = 7.4 and Pe = 8.6. The following example shows how to read the tables: Clrystal
number 53 was grown with I’c = 3.9. (In stabilized conditions the Crashol number was
always approximately equal to 10). The radial composition profile was measured at g = (.2
and g = 0.5. The segregation was 13% and the asymmetry index was 013 At g - 0.0 two
values are given for the segregation and the asymmetry index because two perpendicular
radial concentration profiles were measured. For this and all other entries, the first line lists
the results for the profile constructed using five points. The second Tine lists the resnlts for
the profile that consisted of three points.

Figure 6.1 summarizes graphically the results for stabilized conditions. Tt is a plot of
all the measured segregation values versus dimensionless growth rate. (The rons where
deliberate asymmetry was created and the run where the ampoule was rotated wore not
included.) The error bars in the plot are the standard deviation of {he seprepation at each
Peclet number. A second order polynomial was fitted to that data. The data sngeest fhat
there might a maximum in segregation at e T (The correlation coctlicient for this
figure is very poor, 0.29. If a third order polynomial is used to fit the datia. (he correlation
coeflicient is only marginally tmproved, 0.35; but there is still a masximnm at e — 7. 1)

In stabilized conditions, the buoyancy-driven convective velocity is of the same order of
magnitude as the growth rate, &~ 10um/s. Conveetion this gentle does ot homogenize the
melt effectively. During crystallization, solute is rejected from the melt /solid intorface and
a solutal boundary layer of §5 thickness is formed alead of the interface. Gentle convertion
near the interface doesn’t homogenize the melt, but sweeps the rejectod solute along causing,

its concentration to vary along the melt/solid interface,
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Summarized Results — Stabilized Conditions

Peclet # | Crystal | Mass Fraction | Segregation | Asymmetry Index
3.2 30 0.2 (127 0 ;l‘
0.1 ().I‘,;W e .31
0.7 0.15 l:;»(i
32t 0.2 o | 081
0.6 0.11 ().VIVT B
07 | s | o
53 0.2 0.13 _;).II{ )
0.5 0.31 (V).T»l)_—
HTIVT‘ 0.
5.6 35 0.6 1).“’“’ lr) 0hH
54 0.5 ();3()'__ o (|
0. l;l 06
374 0.3 0.6 kN
(.6 ();I ’—_-.— o 06

"able 6.1: Summarized results for stahilized conditions, 3.2 < e < L.
the growth conditions for each run, the resulting segregation and the asymmetry index at

the axial location in the crystal at which they were measured. (Refer to text for further

information.)

YA teniperature difference of 6.4 “C was iposed across the outside of the amponle near the elt/solid

interface.

!The ampoule was rotated at 2/3 rpm.
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Summarized Results — Stabilized Conditions

Peclet # | Crystal | Mass Fraction | Segregation Asymmelry Index
7.4 50 0.2 0. i(i | “(>)gl l (
(1.9 0.20 N
a AW“.T)V‘_ 0.0y N .29
(]il;”) ' 0.17
55 0.5 l)v.'»i‘r) (II |
%_4.().59‘— - ().4157 -
8.6 34 0.1 0.15 (i.:’lﬁ
0.6 0.21 0.0
49 0.2 (].‘.?;) A‘il.(H;
0.2 oo
0.5 0.67 B ]' 3 -
.hi o 0.1
Table 6.2: Summarized results for stabilized conditions, 7.4 < e 0 XG0 The table lists

the growth conditions for a run, the resulting segregation, and the asyvmmetry index at the

axial location in the crystal at which they were measured.

In the absence of convection, and density differences between the solid and the melt, the
dependence of the axial composition profile in the mell on growth rate is demonstrated by

the following equation, which describes one-dimensional steady-state diflusion in the melt

(40).
N 1 -k, AY
éo =1 + —quxp 7t (()l)

For these conditions, the solutal boundary layer is defined:

C 1 - k.. A .
c = 1+ _Ep,,_] oxp D (6.2)
= 1.01]
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SLGREGATION VS. PECLET NUMBIR
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Figure 6.1: Radial segregation versus Peclet number for stabilized conditions The error

bars in the plot represent the standard deviation at cach Peclot numhber.
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Rearrangement gives an expression for ég:

D {001k
e galbic A 6.3
bs =y 1“(1 —1;,,,,) (6-3)

As the growth rate is increased s is decreased. Although the above conditions may seldom
be met in practice, Equation 6.3 was derived to introduce the concept of asolu tal boundary
layer. When there is convection in the melt, the thickness of the solutal boundary layer
is reduced, and ég refers to the region where the colute concentration in the melt changes
from its interfacial value to near its bulk-melt value.

As the growth rate is increased above Pe = 7.4, radial segregation might be expected to
decrease for the stabilized condition. At high rates of growth §s < 6y so convection doesn’t
significantly disturb the concentration field in the melt, i. e. mass transfer in the melt is
diffusion controlled even though there is convection in the melt. This explains why there
is 2 maximum in Figure 6.1. At high growth rates the eflects of convection and interfacial
curvature on radial segregation are decoupled, and only interfacial curvature is expected to
influence radial segregation.

The effect of growth rate on the experimental axial concentration profile of azulene is
shown in Figure 6.2, which is a plot of C(q)/C, versus g for three diflerent growth rates.
(The data for this plot are at the end of Appendix A.) As the growth rate was increased,
the shape of the axial azulene concentration profile changed from that associated with well-
mixed to that associated with diffusion controlled conditions. The important feature of
Figure 6.2 is the shape of the curves, not exact values of the data, since the data for this
figure must be incorrect.

Recall the normal freeze expression:

Cily)
C,

= kegg(1 = g)f ! (6.1)

If experimental data are available, k.yy can be determined by plotting In ({:{7(‘—"’)-) versus
In(1 — g). For well-mixed conditions, keys = keg; for steady-state diffusion controlled con:
ditions k.sy = 1. For any other condition, keg < hopp < 1. In Vignre 6.9 for Pe - 3.2,
kesy was found to be 0.24. In Figure 6.2 for Pe = 8.6, the axial composition profile violates

conservation of mass. These results are theoretically impossible, the error was prohably
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Figure 6.2: A plot of C(g)/C, versus g for three different, growlh rates. As the growth rate
was increased, the shape of the axial concentration profile of azulene changed from that

associated with well-mixed to a shape associated with diffusion controlled.
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caused by improper calibration of the gas chromatograph that was used to analyze the
crystals. As discussed in Section 4, improper calibration was unavoidable and that was why
all radial concentration data in this thesis were scaled by the mean value as measured at
a given axial position. Figure 6.2 indicates the the absolute error in the measurement of
azulene concentration could be significant, on the order of 20%. Nevertheless, the trend
shown in Figure 6.2 is accurate. Figure 6.2 suggests that as the growth rate was increased,
kesys increased from approximately keq to approximately and mass transfer in the melt at

the interface became diffusion controlled.
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6.2 Destabilized Conditions

The results for all the runs with destabilized conditions are summarized in ‘Table 6.3. This
table lists the growth conditions associated with cach run, the measured segregation, and
the asymmetry index.

Figure 6.3 shows the effects of Peclet number and Grashol number on segregation. This
plot was constructed using the minimum segregation observed atl each Pe and Gr. The
minimum was used rather than an average value becanse not all runs were replicated the
same number of times, and it was felt that an average value would skew the results in
favor of the runs which were replicated. (The results for ’e = 8.6 and /7 = 109000 were
not plotted because the radial segregation for that condition was so large it obscured the
relative variation in the segregation for the other conditions, i. e. the plot didn’t look good.)
There is waviness in the plot because a small number of points can’t adequately define a
surface, particularly when there is scatter in the experimental data. I general, there was
little segregation at very low growth rates, but segrepation was smallest when the Peclet
number was small and the Grashof number was [arpe. For large growth rides, segregation
could be decreased by increasing the Grashof number.

For a destabilized condition, huoyancy-driven convection tn the melt is fntense and
the solute distribution in the melt tends to be very homogeneous. As the growth rate is
increased, the solutal boundary tayer hecomes smaller, thereby reducing the effectivencss of
convection in promoting radial homogeneity in the crystal.

No axial concentration profiles of azulene were obtained for destabilized conditions since
it was assumed that the conditions were characteristio of oo well mixed melt Uhis assomption

can be cliecked using the normal freeze equation. For well- mixed conditions:

(%(g—) = k(1 — g)fea] (6.5)
Ci(g) 0
Co g9=0.5

With the exception of crystals 51 and 48 all crystals prown under destabilized conditions
had a concentration of azulene, as described by Equation 6.5 at ¢ 0.0, hetween 0.50)

and 0.63. Considering the error associated with the measnrement procedure, these results
g 1

150



Summarized Results - Destabilized Conditions

Peclet # | Crystal | Grashof # | Mass }"rn('ti:m s;u_g';._m. Asvmmelry fndex
3.2 11 55600 ().\; 717).()2")» (.05 B
42 88500 0.2 0.93 - (IHT
().9377 0.2
0.5 0.04 ; (‘),()‘2
ﬂ“—().(H ~ ) “]"’;;_——'
43 116000 0.5 0.04 - ()r(iM
5.6 44 39600 0.5 0.17 o -(-)_RVG
45 121000 0.5 0.07 "():(’;;“—”'
0.07 - 7(717.07
7.4 51 76200 0.2 0.45 R ()Tl 3._ _
oon | awr
s 014 018
0.6 - 1‘-) 6HR
52 13800()#“ ()5 0.13 N3
e i
8.6 47 76700 0.5 W ()21 016
48 109000 0.2 0.47 ]""‘;;""""*“
0.5 0.50 ) “'."’;'l_‘ﬁ""“
():5() (.38
46 158000 0.5 ()l") 4 ()..’l.ﬁv ”

Table 6.3: Summarized results for solidification under destabilized conditions. "The table
lists the growth conditions associated with cach run, the segregation and asyvmmetry indexes
and the axial location in the erystal where they were measnred. (Refer to text for further

information.)
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Figure 6.3: Influence of Pe and Gr on radial segregation for destabilized conditions,



indicate that the melt was well-mixed for destabilized conditions. (If the experimental error
were ignored and 0.55>is chosen as a nominal value for C(0.5)/C,, Faquation 6.5 predicts
ke, = 0.35. This agrees fairly well with the value ke = 0.3 given by Karl(36). As for
crystals 51 and 48, the values of %(‘ﬂ at g = 0.5 were 0.85 and 1.0 respectively. These two
aberrations may have caused by constitutional supercooling.

Figure 6.4 is a plot of the minimum asymmetry index vs. Peclet number and Grashof
number for destabilized conditions. Note the similaritios between this tigure and Figure 6.3
( Radial segregation vs. Pe and Gr). As with radial segregation, asymmetry was greatest
when Pe was large and Gr was small. As Pe was decreased and as (71 was increased,
asymmetry was reduced. The similarities between Figures 6.3 and 6.1 suggests that radial
segregation and the asymmetry of the radial composition profile are related. This is further
demonstrated by Figure 6.5. Figure 6.5 is 2 plot of the minimum asymmetry observed
for a given growth condition versus (he minimum scpregation observed for the same sel ol
conditions. The data in Figure 6.4 are fit fairly well by a straight line (the square of the
correlation cocllicient, 72, equals 0.82) with a slope equal to 204

Table 6.4 gives a comparison of the radial segregation measured for the two types of
thermal conditions. In all but one case, the valwes for the seprepation and the ranes of
segregation were smaller for destabilized conditions. (T'he one exception was Pe = 3.2 in
a destabilized condition. Recall that this was the only case where a discontinuity in radial
concentration was observed. If this case is ignored, the range associated with Pe == 3.2 for
this destabilized condition would be minimal, 0.01 0.05.)

Large variations in the amount of segregation and asymmelry indes for a given growth
condition were often observed. For instance, for a destabilized condition with I'e = 7.4
(crystal number 51), composition profiles were measured at two ditlerent axial locations
for a total of four diameters. The segregation ranged from 14% to An%. The asymmetry
index ranged from 0.13 to 0.68. Under stabilized conditions, even larper variations in
radial segregation and the asymmetry index were observed. A plot of the asymmetry index
versus Poclet number for stabilized conditions has not heen presented hete hecause it wonld

resemble a scatter diagram. The general trend here was {hat the larger the segregation for
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a given growth condition, the larger the variation in the results.

The scatter in the results isn’t surprising. If a crystal was grown under conditions
that radial precluded segregation (low growth rate and intense convection in the melt),
the crystals would always be radially homogeneous and consequently the asynimetry index
would have to be small. If a crystal was grown at a high growth rate and wit h little mixing
in the melt, nothing would theoretically forbid the crystal from being radinlly homogencons,
Any number of growth parameters could combine to increase or decroase radial segregation.

This is reflected in the scatter of the results when segregation is large.
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6.3 Diffusion Controlled Conditions

One reason for using the numerical model described in Section 3 was to caleulate the effect
of interfacial curvature on radial segregation. Table 6.5 lists the results of the model for
the case of an interface with a dimensionless amplitwde of 0.25 and F, 2 0.3, parameters
typical of the experiments. A comparison of Tables 6.5 and 6.4 shows that for destabilized
conditions, the convection in the melt reduced the segregation that would have been eansed
by interfacial curvature. For stabilized conditions, the observed radial segregation was even
larger than the segregation predicted by interfacial curvature alone. For this condition the
convection in the melt amplified the eflect of the interfacial curvature in creating crystals
with poor radial homogeneity.

Results from the numerical model are further summarized in Figures 6.6 to 6.8, T'hese
figures demonstrate the effects of Peclet number, interfacial amplitude, and segregation
coeflicient on radial segregation for diffusion controlled conditions. Fignre 6.6 is a plot
of segregation versus Peclet number and equilibrinm constant. For F., = 1 there is no
segregation. As kg is decreased segregation becomes proater, althonglv this ellect s greater
for larger values of the Peclet number.

Figure 6.7 is a plot of radial segregation vs. interlfacial amplitude and Peclet number. By
convention the amplitude is negative for a convex melt/solid interface. When the amplitude
of the interface is zero (no curvature), there is no sepregation. As the mapnitude of the
amplitude is increased the segregation is increased. Segregation is alwavs greater for a
convex interface than for a concave interface of the same amplitude. The difference in
segregation becomes greater as the Peclet number is increased.

Figure 6.8 is a plot of segregation and equilibrivm constant versus inferfacial amplituade,
Not surprisingly, there is no segregation for a flat interface or when ke, = 1. Again,
segregation is always greater for a convex interface than for a concave interface of the same
amplitude. This difference in segregation hecomes greater as keq is decreased.

In summary, low crystal growth rates help to create crystals that are radially homoge
neous regardless of thermal condition. Eflicient mixing of the melt, such as that present

in a destabilized condition, also reduces radial segregation and can even oliminate it when



Condition Pe=32DPe =561 Pe=74]DP 886

Stabilized condition N

Destabilized condition | .04 - .93 | .07 - .17 | .12 - 45 | .15- .50

Table 6.4: Observed range of radial segregation as a lunction of Peclet number. (‘T'he cases

where the ampoule was rotated and a thermal asymmetry was created were not included.)

Interfacial shape Pe=32|Pe—=561Pe=74]|0Dc:-856
H(R)=025R? 22 27 29 30
H(R)=-0.25(R* - 1) .24 38 A5 10

Table 6.5: Calculated radial segregation as a function of interfacial shape and Peelot num
ber with k., = 0.3 for diffusion controlled conditions. I'lhe radial segrepation was caleulated
using the model described in Section 3. The parameters used were tvpical of the azn-

lene/naphthalene system.
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SEGREGATION VS. PECLET # AND EQUIIL . CONST.
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Figure 6.6: Segregation vs. Peclet number and cquilibrinm constant for diflusion controlled

conditions with II(R) = 0.25R%.
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SEGREGATION VS. EQUIL. CONST. AND AMPLT TUDE
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Figure 6.8: Segregation vs. interfacial amplitude and equilibrivm constant for diflnsion
controlled conditions with ’e = 5.6. Although it may not be clear from the figure, the

range in interfacial amplitade is -0.25 10 0.25.
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the growth rate is low. For destabilized conditions, increasing the maximum temperature

in the melt improves radial homogeneity in the crystal.
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7 Nomenclature

Bi Biot number, %

C Concentration in the melt

C, Initial concentration in the melt

Cp Heat capacity, J/kg.K

D Diflusion cocflicient, m?2/s

g Axial position in a crystal in terms of crystal mass fraction
Je Gravitational acceleration, m/s?

Gr Grashof number, ﬁi%'ﬂ

h Heat transfer coefficient, J/m2.K.s
keg Equilibrium segregation coeflicient
Pe Peclet number, %

Pr Prandtl number, Z

R Radial position, m

It, Inner radius of ampoule, m

Rags Solutal Rayleigh number, GrSc¢

Ray Thermal Rayleigh number, Gy Pr

Se Schmidt number, £

T Temperature, K

T Cooler temperature, K

Ty Heater temperature, K

AT Tinaz — Tiopof meit, destabilzed conditions, K
AT Tr=1 — Th=o, stabilzed conditions, K
TE Truncation error

Vv Solidification rate, m/s

z Mole fraction

VA Axial position, m

a Thermal diffusivity, m?/s

I} Coellicient of thermal expansion, K~!
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o

2%

14

Solutal boundary layer thickness, m

Thermal boundary layer thickness, m

Momentum boundary layer thickness, m

Dynamic viscosity, kg/m.s
Kinematic viscosity, m?/s

Density, kg/m>
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